A systematic approach for selecting lean strategies and assessing leanness in manufacturing organizations by Amin, Md Al
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
A SYSTEMATIC APPROACH FOR SELECTING 
LEAN STRATEGIES AND ASSESSING 
LEANNESS IN MANUFACTURING 
ORGANIZATIONS 
Md Al Amin 
Bachelor of Science in Mechanical Engineering 
 
 
Submitted in fulfilment of the requirements for the degree of  
Doctor of Philosophy 
 
School of Chemistry, Physics and Mechanical Engineering 
Faculty of Science and Engineering 
Queensland University of Technology  
March 2013 
 
 A Systematic approach for Selecting Lean Strategies and Assessing Leanness in Manufacturing Organizations i 
 
Keywords 
Lean Strategy Selection, Leanness Assessment, Optimisation 
 
 A Systematic approach for Selecting Lean Strategies and Assessing Leanness in Manufacturing Organizations ii 
Abstract 
Lean strategies have been developed to eliminate or reduce manufacturing 
waste and thus improve operational efficiency in manufacturing processes. However, 
implementing lean strategies requires a large amount of resources and, in practice, 
manufacturers encounter difficulties in selecting appropriate lean strategies within 
their resource constraints. There is currently no systematic methodology available for 
selecting appropriate lean strategies within a manufacturer’s resource constraints. In 
the lean transformation process, it is also critical to measure the current and desired 
leanness levels in order to clearly evaluate lean implementation efforts. Despite the 
fact that many lean strategies are utilized to reduce or eliminate manufacturing waste, 
little effort has been directed towards properly assessing the leanness of 
manufacturing organizations. In practice, a single or specific group of metrics (either 
qualitative or quantitative) will only partially measure the overall leanness. Existing 
leanness assessment methodologies do not offer a comprehensive evaluation method, 
integrating both quantitative and qualitative lean measures into a single quantitative 
value for measuring the overall leanness of an organization. 
This research aims to develop mathematical models and a systematic 
methodology for selecting appropriate lean strategies and evaluating the leanness 
levels in manufacturing organizations. Mathematical models were formulated and a 
methodology was developed for selecting appropriate lean strategies within 
manufacturers’ limited amount of available resources to reduce their identified 
wastes. A leanness assessment model was developed by using the fuzzy concept to 
assess the leanness level and to recommend an optimum leanness value for a 
manufacturing organization. In the proposed leanness assessment model, both 
quantitative and qualitative input factors have been taken into account. 
Based on program developed in MATLAB and C#, a decision support tool 
(DST) was developed for decision makers to select lean strategies and evaluate the 
leanness value based on the proposed models and methodology hence sustain the 
lean implementation efforts. A case study was conducted to demonstrate the 
effectiveness of these proposed models and methodology. Case study results 
suggested that out of 10 wastes identified, the case organization (ABC Limited) is 
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able to improve a maximum of six wastes from the selected workstation within their 
resource limitations. The selected  wastes are: unnecessary motion, setup time, 
unnecessary transportation, inappropriate processing, work in process and raw 
material inventory and suggested lean strategies are: 5S, Just-In-Time, Kanban 
System, the Visual Management System (VMS), Cellular Manufacturing, Standard 
Work Process using  method-time measurement (MTM), and Single Minute 
Exchange of Die (SMED). 
From the suggested lean strategies, the impact of 5S was demonstrated by 
measuring the leanness level of two different situations in ABC. After that, MTM 
was suggested as a standard work process for further improvement of the current 
leanness value. The initial status of the organization showed a leanness value of 0.12. 
By applying 5S, the leanness level significantly improved to reach 0.19 and the 
simulation of MTM as a standard work method shows the leanness value could be 
improved to 0.31. The optimum leanness value of ABC was calculated to be 0.64. 
These leanness values provided a quantitative indication of the impacts of 
improvement initiatives in terms of the overall leanness level to the case 
organization. Sensitivity analsysis and a t-test were also performed to validate the 
model proposed.  
This research advances the current knowledge base by developing 
mathematical models and methodologies to overcome lean strategy selection and 
leanness assessment problems. By selecting appropriate lean strategies, a 
manufacturer can better prioritize implementation efforts and resources to maximize 
the benefits of implementing lean strategies in their organization. The leanness index 
is used to evaluate an organization’s current (before lean implementation) leanness 
state against the state after lean implementation and to establish benchmarking (the 
optimum leanness state). Hence, this research provides a continuous improvement 
tool for a lean manufacturing organization. 
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Chapter 1: Introduction 
This chapter outlines the background and research motivation, problem 
statement of the research, research questions, and research objectives. It also 
describes the contribution of this research. Finally, an outline of the thesis framework 
is provided. 
1.1 BACKGROUND AND RESEARCH MOTIVATION 
In the current era of globalization, manufacturing industries are facing a 
considerable amount of pressure due to customer expectations about product quality, 
demand responsiveness, lower cost and product variety (Nahm, et al., 2006; Karim, 
et al., 2008). To meet such expectations, 75% of organizations currently employ 
some type of process improvement strategies (Dhallin, 2012).  
Lean manufacturing is regarded as a manufacturing philosophy that, if adopted 
and carefully implemented, can undoubtedly form the roadmap to global 
manufacturing excellence (Papadopoulou & Ozbayrak, 2005a). It also offers a 
solution for cost reduction strategies like the identification and elimination of waste 
in manufacturing environments. It is targeted towards incorporating less human 
effort, less inventory, less time to develop products, and less space to become highly 
responsive to customer demand while producing top quality products in the most 
efficient and economical manner possible (Womack, et al., 1990). Carreira (2005) 
stated that organizations who have successfully implemented lean strategies have 
achieved noticeable results. Some have even argued that as a result of global 
competition, organizations that are not lean may not survive. Lean initiatives are now 
common in all facets of business (Schonberger, 2012). 
1.1.1 Lean strategy selection methodologies 
Examples of lean manufacturing strategies include: Just-In-Time (JIT), Total 
Quality Management (TQM), Standard Work Process, Manufacturing Cells, Total 
Productive Maintenance (TPM), 5S (Lian & Van Landeghem, 2002; Shah & Ward, 
2003; Doolen & Hacker, 2005; Abdulmalek & Rajgopal, 2007). Ohno (1988) 
identified seven types of wastes (non-value adding activities): overproduction, 
waiting, transport, inappropriate processing, unnecessary inventory, unneeded 
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motion, and defects. The most commonly recognized manufacturing wastes 
considered in this research are defects, unnecessary transportation, unnecessary 
motion, setup time, finished goods inventory, inappropriate processing, failure time, 
WIP, raw material inventory, and lack of integrated approach/knowledge 
disconnection (Amin & Karim, 2012). Value Stream Mapping (VSM) and video 
recording, observation of the process were utilized to identify the wastes. 
Implementation of lean strategies reduces waste, and decreases costs thereby 
improving performance. 
However, not all lean implementations have produced such results (Browning 
& Heath, 2009) and not all lean strategies are appropriate for every organizational 
aspect and identified waste (Lander, 2007). There are many success stories about 
lean strategies and also many failure due to the manufacturers’ confusion about what 
strategies to adopt and how to adopt these strategies for their specific problems 
(Tiwari et al., 2007). Incorrect application of lean strategies results in the inefficient 
use of an organization’s resources and reduced employee confidence (Marvel & 
Standridge, 2009). Different areas of organizations have different levels of strategy 
implementation, which makes it hard to select a proper strategy to address a 
company’s problems (Wan & Chen, 2008). Therefore, the current interest of lean 
researchers is the prudent adoption of appropriate lean manufacturing strategies. 
Many researchers developed methods to select appropriate lean strategies for 
the identified manufacturing wastes to improve the performance of their 
manufacturing processes (Prasad, 1995; Hines & Rich, 1997a; Herron & Braiden, 
2006; Tiwari, et al., 2007; Inanjai, 2009; Alsyouf, et al., 2011). Their developed 
methodologies were based on ranking of identified wastes or sometimes ranking of 
performance metrics specified by the decision makers prior to selecting the lean 
strategies. After selecting the lean strategies, they implemented the suggested lean 
strategies and measured the potential savings from the point of implementation 
onwards. 
However, the importance of examining the significant factors such as 
manufacturers’ budget, time, organizational size, complexity of manufacturing 
process and resistance from shop floor operators during the implementation of any 
lean initiative have largely been ignored in the literature (Shah & Ward, 2003; 
Achanga, et al., 2006; Anvari, et al., 2010). In addition to the identification of 
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wastes, a business should have a clear vision and strategy in forecasting a project’s 
likely costs and the duration of implementation for any productivity drive (Holland 
& Light, 1999). Investigations showed that about 90 percent of the implementations 
are delayed or over budgeted due to the poor cost and schedule estimation (Holland 
& Light, 1999). 
Implementation of each lean strategy requires a budget for detailed design, 
personnel training, and development of support technologies, as well as total system 
maintenance and upkeep (Mejabi, 2003; Anvari, et al., 2010; Anvari, et al., 2011). 
Many lean researchers have acknowledged that the transformation process to a lean 
system requires a lot of effort, participation of all levels in the hierarchy, and 
introduction of new principles, not only at the shop-floor level but also in the 
company culture and organizational structure (Papadopoulou & Ozbayrak, 2005). 
Case studies of organizations also supported the above statements and stated that the 
transition process toward lean is an arduous and time-consuming task (Papadopoulou 
& Ozbayrak, 2005b). 
Previous studies indicate that manufacturers are concerned about the required 
cost and time for implementing lean strategies despite the popularity of its wastes 
reduction capability. However, the existing lean strategy selection methodologies 
have failed to provide a comprehensive method for selecting appropriate lean 
strategies within an organization’s limited amount of available resources. More 
specifically, the existing methodologies lack a systematic approach and analytical 
model for selecting appropriate lean strategies for the identified manufacturing 
wastes within manufacturers’ resource constraints. 
1.1.2 Leanness assessment methods 
Leanness is an approach that aims to eliminate manufacturing wastes while 
stressing the need for continuous improvement (Papadopoulou & Ozbayrak, 2005b; 
Anvari, et al., 2011). It is also an indicator of an improvement process as a result of 
implementation of lean strategies. Wan & Chen (2008) define the ‘leanness’ as the 
performance level of a value stream compared with perfection. Behrouzi & Wong 
(2011) stated that the lack of a clear understanding of lean performance and its 
measurement system is a significant reason behind the failure of lean practices. 
Soriano-Meier & Forrester (2002) also stated that this was attributed to the lack of 
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appropriate models to monitor, assess and compare leanness levels during the lean 
implementation process. Currently, there are two main questions posed by lean 
researchers (Mahfouz et al., 2011): 
1. ‘How can leanness be implemented?’ and 
2. ‘How can it be measured?’ 
There are many factors that affect the performance of a manufacturing 
process. Factors could be either qualitative or quantitative. Qulaitative factors are 
measured in linguistics terms and quantitative performance metrics are measured in 
numerical terms. The existing literature looks into either quantitative leanness 
measure (Wan & Chen, 2008) or qualitative leanness measures (Vinodh & Chintha, 
2010a, 2010b; Vinodh, et al., 2010; Vimal & Vinodh, 2012). However, individual 
metrics focusing on a specific kind of performance aspect cannot represent the 
overall leanness level. Therefore, in order to promulgate a common focus on 
leanness, an integrated leanness index is greatly desired. This leanness index can be 
used to indicate a company’s current leanness state, and evaluate the effectiveness of 
the suggested lean strategies as well as benchmarking the leanness state. 
1.2 PROBLEM STATEMENT 
Lean strategies have been developed to eliminate or reduce waste and thus 
improve operational efficiency in manufacturing processes. However, it is not always 
true that lean implementations have produced positive results. Moreover, due to the 
requirement of a large amount of resources (e.g. cost and time) for lean 
implementation, manufacturers encounter difficulties in selecting appropriate lean 
strategies within their limited amount of available resources. The existing literature 
lacks a systematic approach and analytical model to select appropriate lean strategies 
for identified manufacturing wastes within manufacturers’ resource constraints. After 
selecting and implementing appropriate lean strategies, it is also critical to measure 
the impact of selected lean strategies (i.e. the current and desired leanness levels of a 
manufacturer) for guiding and sustaining the lean implementation efforts. Existing 
leanness assessment literature do not offer a comprehensive method, which can 
integrate various quantitative and qualitative lean performance metrics for measuring 
the overall leanness level of an organization. Hence, in order to synthesize a common 
focus on leanness, an integrated leanness index is greatly needed. Achieving the 
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perfection is the goal of lean implementation. However, a “perfect” manufacturing 
system without any waste is not likely to exist in reality. Therefore, it is not possible 
for any manufacture to achieve 100% leanness. The current literature also lacks a 
method of determining optimum value of leanness achievement. 
The research set out in this thesis addresses the problem of manufacturers’ 
inability to select appropriate lean strategies within their resources constraints and to 
measure the leanness, considering both qualitative and quantitative performance 
factors. Hence, to achieve these objectives, the main aim of the research presented in 
this thesis is to: 
‘Develop mathematical models and methodologies for selecting appropriate lean 
strategies and evaluating leanness in manufacturing organizations’ 
1.3 RESEARCH QUESTIONS 
The research study is going to address the following two key research 
questions to achieve the overall research aim: 
Q1. How to select appropriate lean strategies for manufacturers’ identified wastes 
within their resource constraints? 
There are many lean strategies available to reduce non-value adding activities, 
but the selection of lean strategies should be in such a way that their implementation 
should not increase other non-value adding activities in the manufacturing process. 
Therefore, the emphasis lies on selecting appropriate lean strategies for the 
manufacturer’s specific processes, taking into account other factors, such as cost and 
time related resource constraints. In addition, it would be preferable to select those 
lean strategies that have the most overall impact on the identified wastes. 
The existing method of selecting lean strategies relies on the manufacturer’s 
common sense and judgement rather than any sets of logical justifications. 
Manufacturers seeking advice about their investment in implementing lean strategies 
may desire a certain theoretical basis to ensure their investment decisions are 
logically sound (Wacker, 1996). Therefore, it is necessary to develop a systematic 
methodology and analytical model to select appropriate lean strategies taking into 
account the manufacturer’s focus on improvement areas (wastes), within their 
particular resource constraints. By developing mathematical models and a systematic 
methodology, this research will answer to Q1 and fill this knowledge gap. 
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Q2. How to measure ‘how lean the system is’ and ‘how lean it should be’? 
‘If you can’t measure it, you can’t improve it...’ (Sir William Thomson, 1907.). 
This hundred-year-old truth has sparked many research efforts over recent decades. 
In the present day, researchers are realizing the importance of the numerical 
assessment of a system’s leanness level as without leanness measure two different 
organizations or two different situations in the same organization cannot be rated 
objectively, based on their leanness values. 
Existing leanness assessment approaches evaluate organizations’ leanness level 
through a group of different lean metrics since an individual metric cannot represent 
the overall leanness level. However, a specific group of lean metrics cannot represent 
the overall leanness level. Moreover, the challenge is to synthesize a group of lean 
metrics into an integral leanness measure despite the differences in their natures and 
in their measurement units (Wan & Chen, 2008; Wong, et al., 2012). Therefore, it is 
necessary to develop a leanness assessment model to synthesize a group of lean 
metrics into one leanness index. This leanness index can be used to indicate an 
organization’s current leanness state, and evaluate the effectiveness of the proposed 
lean initiatives, as well as benchmarking for future leanness. By developing 
integrated leanness index based on fuzzy concept, this research will answer Q2 and 
fill the knowledge gap. 
1.4 RESEARCH OBJECTIVES 
In order to achieve the overall research aim to answer the research questions, 
the following objectives have been set for this research: 
• To develop mathematical models and a systematic methodology for 
selecting appropriate lean strategies for manufacturing organizations 
within their resource constraints (Chapter 4). This could be achieved 
through: 
o Establishing the relationship between the lean strategies and 
manufacturing wastes 
o Identifying the important factors that constrain implementing lean 
strategies in a manufacturing organization 
o Developing mathematical models for selecting appropriate lean 
strategies 
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o Developing a methodology for finding an optimum solution 
• To develop a leanness assessment model to evaluate the overall leanness 
level and set a leanness benchmark (Chapter 5). This could be achieved 
through: 
o Developing a Fuzzy based model for leanness assessment 
(incorporating both qualitative and quantitative factors) to assess the 
overall leanness level 
o Developing a method for finding an optimum leanness value to set a 
leanness benchmark 
• Developing a decision support tool for selecting appropriate lean strategies 
and assessing leanness for lean practitioners to track and sustain the lean 
implementation efforts (Chapter 6) 
o Validating the lean strategies selection methodology and leanness 
assessment model through a real life case study 
1.5 CONTRIBUTIONS TO KNOWLEDGE 
By achieving the above objectives, this research aims to make the following 
contributions: 
• A mathematical model and structured methodology to select appropriate 
lean strategies for the reduction of a manufacturing waste within a 
manufacturer’s resource constraints. 
• A method of identifying an appropriate number of lean strategies. This 
provides a list of manufacturing wastes that can be improved by 
implementing the selected lean strategies within the manufacturer’s 
resource limitations. 
• An effective leanness measurement model based on the triangular 
linguistic fuzzy membership functions, considering both qualitative and 
quantitative performance metrics for manufacturing organizations. This 
answers the question of ‘how lean the system is’. 
• A ‘lean strategies-wastes’ correlation matrix which provides the initial 
decision making guidelines for a manufacturer. This correlation matrix 
provides information for a lean practitioner about the appropriateness of 
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the lean strategy for addressing the identified wastes in a particular 
organization. 
• A method for recommending an optimum leanness level, which answers 
the question of ‘how lean the system should be’. 
• A decision support tool for effective decision making by a lean 
manufacturer to select appropriate lean strategies and measure the 
organization’s existing leanness and assess the effectiveness of further 
improvement after lean implementation. 
1.6 THESIS FRAMEWORK 
The thesis framework is designed based on the sequence of the research 
objectives and provided in Figure 1.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Thesis Framework 
It starts with an extensive literature review of the areas of lean thinking, lean 
strategies selection methodologies, and leanness assessment methods. This is then 
followed by a discussion of the methodologies, approaches and tools that are 
employed to achieve the research objectives. Upon completion of the review, the 
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Chapter 7: Conclusions 
 Chapter 1: Introduction 9 
framework structure is described and finally a real manufacturing case study is 
presented. A brief outline of the thesis chapters is given below: 
Chapter 2: Literature review 
This chapter reviews the existing literature on lean concepts. It also examines 
the most important lean tools and techniques that have been used to implement lean 
manufacturing concepts. Then, it describes the types of waste in different 
manufacturing organizations. The different factors that constrain lean 
implementation in the manufacturing organizations are also reviewed. Previous 
research on lean strategy selection methodologies is also reviewed to guide the 
development of an appropriate method to select appropriate lean strategies within the 
manufacturing organizations’ resource constraints. A review of the previously 
studied leanness assessment methods is done which leads to the importance of 
developing a fuzzy based leanness assessment model for this study. 
Chapter 3: Research methodology 
This chapter explains the research approach, research design and 
methodologies employed for carrying out the study. It also explains the justification 
of the research method employed and highlights the data collection methods utilized 
during the different phases of the research study. 
Chapter 4: Development of mathematical models and methodology for 
selecting lean strategies 
Chapter 4 presents the development of mathematical models and a 
methodology for selecting appropriate lean strategies for addressing identified 
manufacturing wastes within manufacturers’ resource constraints. This includes 
developing a correlation matrix between the lean strategies and manufacturing 
wastes based on the existing literature. A mathematical model is developed for 
selecting appropriate lean strategies within manufacturer resource constraints and 
calculating the perceived value of lean strategies in reducing manufacturing waste. 
Value Stream Mapping (VSM), video recording and time study analysis, 
observations, and unstructured interview are used to identify the wastes in the 
existing process. Guidelines are provided for the manufacturing management 
personnel to rank the identified wastes. The application of developed mathematical 
models and a methodology which optimizes the perceived value of reducing 
manufacturing waste by implementing appropriate lean strategies within 
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manufacturers’ resource constraints are also described in this chapter. This chapter 
also describes some special cases, based on the policy taken by a manufacturer, such 
as the application of the models and methodology in a dynamic decision making 
situation and explains the forced effect of lean strategies on each other. Finally, this 
chapter presents a case study to demonstrate the effectiveness of these developed 
models. 
Chapter 5: Development of leanness assessment model 
The chapter describes the leanness assessment method. It develops a leanness 
assessment model by using the novel concept of triangular fuzzy membership. It 
starts by identifying different qualitative and quantitative performance metrics that 
represent manufacturing performance. Historical data are collected from the case 
organization to calculate the different performance metrics. Then qualitative and 
quantitative performance metrics data are converted into fuzzy numbers using the 
proposed fuzzy based leanness assessment model. This proposed model generates a a 
single unit less the leanness index as a measure of the overall leanness of the 
organization, integrating both qualitative and quantitative metrics. The generated 
leanness index can be used to explore the improvement opportunities in an 
organization and assess the influence of the lean initiatives on the manufacturer’s 
leanness level. This leanness performance assessment model is demonstrated by a 
real life case study and is presented in the end of this chapter. 
Chapter 6: Decision support tool (DST) development 
This chapter presents the development and implementation of a decision 
support tool (DST) for suggesting appropriate lean strategies and computing the 
leanness of a manufacturing organization. Microsoft Excel, Visual Basic 8.0, 
MATLAB and Microsoft Access are utilized to develop the DST. The developed 
DST is utilized as a decision making tool by a manufacturer for selecting appropriate 
lean strategies within their resource constraints and measuring the leanness value and 
further improvement. 
Chapter 7: Conclusion, limitations and recommendations 
Finally, a discussion of the study outcomes, limitations and recommendations 
for future research is presented.  
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Chapter 2: Literature Review 
The previous chapter outlined the fundamental research issues of this work. 
This chapter examines the literature and provides an insight into the literary 
contributions made towards lean manufacturing and highlights the background 
information about lean strategy selection methodologies and leanness assessment 
methods. The main aim of this chapter is therefore to: demonstrate the gap in the 
academic literature on the subject of lean manufacturing, particularly the lean 
strategy selection methodology and leanness assessment methods within 
manufacturing organizations. 
2.1 LEAN MANUFACTURING 
Lean manufacturing idea was originated from the Japanese automaker, Toyota 
Motor Company and Toyota Production System (TPS) (Ohno, 1988; Holweg, 2007; 
Shah & Ward, 2007). TPS evolved as an alternative to the existing mass production 
system due to the necessity of overcoming the three daunting challenges faced by it 
after World War II (Ohno, 1988). The challenges were: 
• To provide for the needs of a domestic market which was not only small 
but demanded high product variety 
• Inability of the capital-starved company to make huge investments in 
western technologies 
• To compete with well-established foreign brands such as General Motors 
and Ford (Cusumano & Studies, 1985) 
There was a lack of resources after World War II in the Toyota Motor 
Company.  The TPS, also known as Just-In-Time (JIT) was developed to survive 
with the minimum amount of resources during that time. All mistakes were 
unaffordable, and reduction of wastes on the shop floor became the mission of 
survival due to the limited availability of resources. The oil crisis struck the global 
economy especially in North America in 1973. However, Toyota sustained and 
prospered because of the high efficiency of the TPS. As a result, the lack of 
resources, which was originally an obstacle for this company, turned out to be the 
stepping stone for them to become a world-class manufacturer. 
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A research group in MIT investigated the success of TPS in the 1980’s. The 
term “Lean Production” was coined to describe the highly efficient production 
system which uses less of every resource to produce the same amounts of product of 
good quality. Lean Production was in contrast to the mass production techniques 
inherited from Henry Ford which were developed almost a century ago. Then, the 
findings of the investigations were summarized in a book ‘The Machine that 
Changed the World’ (Womack, et al., 1990), which compares lean production with 
mass production. This book also points out several advantages and issues of 
becoming lean. This book rapidly caught the attentions of manufacturers and 
researchers and popularized the concept of lean manufacturing. 
Figure 2.1 shows the history of lean production starting from 1927 – Ford 
Production System – until the 2000s. It illustrates a list of authors – arranged based 
on chronological order – that focuses on different practices and techniques of lean 
manufacturing showing the multi-dimensional nature of the lean concept. 
2.1.1 Benefits of lean manufacturing 
Lean manufacturing is regarded as a manufacturing philosophy that, if adopted 
and carefully implemented, can form the roadmap to global manufacturing 
excellence (Papadopoulou & Ozbayrak, 2005b). Lean manufacturing is designed to 
eliminate waste in every area of production extended to customer relations, product 
design, supplier networks and factory management. Its target is to incorporate less; 
human effort, inventory, time to develop products and space, to become highly 
responsive to customer demand while producing top quality products in the most 
efficient and economic manner possible. Moreover, lean manufacturing emphasizes 
the minimization of the amount of all resources (including time) used in the various 
activities in the enterprise. 
Lean manufacturing has evolved as an alternative to mass production, which 
relied on long runs of limited varieties of products for a steadily expanding 
marketplace of homogeneous tastes, as referred to in this section. Thus, for 
businesses to qualify and continue surviving in such precarious market conditions, 
they ought to devise means of eradicating non-value-added wastes that drive the 
overall cost of their operations. The application of lean manufacturing within 
business functions has diverse impacts, such as the improvement of working 
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procedures and the realignment of organizational practices (Papadopoulou & 
Ozbayrak, 2005b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Critical phases in the lean production evolution adapted from (Shah & Ward, 2007) 
• Henry Ford outlines his production philosophy and the basic principles underlying the 
revolutionary Ford Production System (FPS) in “Today and tomorrow” in 1927. 
• 1937 - Toyoda (later Toyota) Motor Company is established in Koromo, Japan. 
o Toyoda cousins, Kiichiro and Eiji, with Taiichi Ohno, study FPS and perfect the 
principle concepts and tools constituting Toyota Production System (TPS). JIT 
production method is a key component of TPS. 
• 1978 - Ohno publishes “Toyota Production System” in Japanese. He credits FPS and 
the American supermarket behind his JIT thinking. 
o According to Ohno, the primary goal of TPS is cost reduction (waste elimination); 
it can be achieved through quantity control, quality assurance, and respect for 
humanity. He recommends producing only the kind of units needed, at the time 
needed and in the quantities needed. 
• 1973 - Oil crisis hits North America and generates immense interest in the (new) 
Japanese manufacturing and management practices followed by publication of 
numerous academic and practitioner books and articles. 
• 1977 - First academic article is published by Sugimori, et al.; Narrowly focused 
articles on topics such as Kanban and JIT production (Monden, 1981), production 
smoothing and level loading appear. 
• 1984 - NUMMI, a joint venture between Toyota Motor Company and General Motors 
opens in California. 
• Mid 1980s - Noteworthy books including Monden’s TPS (Monden & Engineers, 
1983); Ohno’s TPS: Beyond large-scale production (1988), are published in English. 
• There is only a piecemeal understanding of TPS and its constituent elements; 
equivalence between JIT production, Kanban and TPS is suggested. 
• 1988 - Krafcik coins the term “lean” to describe the manufacturing system used by Toyota. 
•  1990 – ‘The machine that changed the world’, by Womack, Jones and Roos, is published. 
o The machine establishes “lean production” to characterize Toyota’s production system 
including its underlying components in the popular lexicon. 
o The book describes a lean system in detail; but does not offer a specific definition. 
• Mid 1990s - Articles related to measuring JIT (McLachlin, 1997), Total Quality 
Management (Flynn, et al., 1995), their interrelationships (Sakakibara, et al., 1997) and the 
impact of other organizational variables on their implementation are published in the 
academic journals. 
• 1994 – ‘Lean Thinking’ by Womack and Jones is published. The book extends the 
philosophy and the guiding principles underlying lean to an enterprise level. 
• Numerous books and articles written by practitioners and consultants, and some academic 
conceptual (Hopp & Spearman, 2004) and empirical articles (Shah & Ward, 2003, 2007) 
highlighting the overarching nature of lean production are published; yet no clear and 
specific definition is available. 
• 2006 – Toyota Motor Company is projected to become #1 automobile manufacturer in 
North America. 
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In lean manufacturing, waste is identified as anything that does not add value to the 
process or service delivered to the customer.  
In the Lean manufacturing process, a large number of tools and techniques 
have been used to address different kinds of wastes in  manufacturing organisations.  
Every tool or technique was developed to solve a problem and eliminate the waste 
found in the productionline. Lean manufacturing therefore is a very significant 
productivity improvement technique whose benefits can be described as the 
reduction of wastes in an organization (Fullerton, et al., 2003). Thus, it helps a 
manufacturing system to become leaner in some aspects. However, it is often 
difficult to select a proper tool from the list of large number of lean tools to address 
particular types of wastes. 
Some characteristics are common to the majority of lean manufacturers (Smith 
& Hawkins, 2004): 
• Waste reduction 
• Integrated supply chain 
• Enhanced customer value 
• Value creating organization 
Companies that have adopted lean manufacturing have typically cut inventories 
and cycle time by 50% in each wave of their lean program. Lean does not demand 
expensive investment in IT, or complex programs. The most commonly cited 
benefits related to lean practices are improvement in labour productivity and quality, 
along with reduction in customer lead time, cycle time and manufacturing cost (Shah 
& Ward, 2003). 
Companies that use lean manufacturing and apply this to all areas. From 
general operations to the overall costs, improvement can be significant with the 
adoption of lean manufacturing. This is because; as high quality products are made, 
due to efficient lean process, customer expectations are not only held high, but they 
are met accurately and on time. Lean manufacturing therefore offers clear, consistent 
and chronological flow of the production process from start to finish. 
2.1.2 Manufacturing wastes 
The process of transforming raw material into finished goods is the objective of 
any manufacturing company (Pavnaskar, 2004). According to Abdulmalek & 
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Rajgopal (2007), the processes that make that transformation possible are the result 
of three different activities: 
• Value adding activities 
• Necessary but non-value adding activities 
• Unnecessary non-value adding activities 
Value-Added activities (VA) 
Womack & Jones (2003) stated that VA activity ‘directly results in the accrual 
of value in the eyes of the end customer so that this kind of activity is considered 
essential with regard to the perceived quality of final offering and regulatory 
compliance. It is that activity which is unthinkable not to conduct in any future state 
model or scenario’ (Womack & Jones, 2003). 
Non-Value-Added activities (NVA) 
NVA is ‘any activity which adds cost but creates no value so that can be 
removed immediately’ (Womack & Jones, 2003). NVA is a kind of pure waste which 
needs to be eliminated immediately. It is notable that these kinds of activities need to 
be reduced or eliminated with ‘minimum or no capital investment and with no 
detrimental impact on end value’ in a short run.  
Necessary but Non-Value-Added activities (NNVA) 
NNVA is the activity which creates no value but is still necessary because of 
the current limitation of technology, capital assets and ‘operating procedures of the 
system under examination’ (Womack & Jones, 2003), which is also called type one 
muda (waste) as classified by Womack & Jones. The document movements between 
company departments are a typical example of NNVA. According to Womack & 
Jones (2003), ‘this kind of activity will ideally be eliminated in the long-run but it is 
envisaged that this will require capital investment and/or reengineering activity’. 
Ohno (1988) identifies seven types of wastes, which are listed as following, 
together with corresponding issues identified by Feld (2001). 
• Overproduction: Excess Production – batch production, bottlenecks, and 
curtain operations 
• Time on Hand: Waiting – down time, part shortages, and long lead time 
• Transportation: Transportation – poor utilization of space, operator travel 
distance, and material flow backtracking 
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• Processing Itself: Over Processing – redundant systems, misunderstood 
quality requirements, poor process design 
• Stock on Hand: Inventory – long changeover time, high raw material 
inventory, high Work in Process (WIP), high finished goods inventory, 
and excessive management decisions 
• Movement: Motion – low productivity, multiple handling, and operator 
idle time 
• Defective Products: Defects – poor process yield, employees’ turnover, 
low employees’ involvement, limited processing knowledge, and poor 
communications. 
Identifying and classifying manufacturing problems is of significant value to a 
manufacturing organization. True advances, however, come from exposing 
manufacturing wastes. 
Overproduction is regarded as the worst waste because it has a negative effect 
on the smooth flow of products and services. It results when more than the quantity 
immediately needed is produced. Overproduction is a serious problem which 
increases work-in-process stock. Overproduction tends to lead to excessive lead time 
and storage time. 
Waiting happens when time is not used effectively. In this thesis, waiting time 
is separated into two types: setup time and failure time. Setup time is defined as time 
wasted in starting a process to manufacture the product i.e. processes like loading the 
raw materials, waiting for the raw materials, changing oil. Unneeded motion of the 
worker and transportation delay can indirectly create setup time wastes. Failure time 
is defined as time the machine is idle when there is a breakdown. 
Transport is defined as a waste which occurs due to the route that materials or 
goods travel, and which may cause damage to the product or the delay of the 
products to the destination. 
Inappropriate Processing is defined as set of complex procedures conducted 
even if there are simpler procedures available. 
Unnecessary Inventory is inventory in excess of the amount immediately 
required for a particular process step, including the step of delivering the product to 
the customer following the final stage of the manufacturing process. In this thesis, 
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unnecessary inventory is classified into three types: finished goods inventory, raw 
material inventory and work-in-process inventory. Finished goods inventory may be 
defined as products which are stored after the final stage of the manufacturing 
process for a longer period of time. Raw material inventory is the space wasted or 
cost to store the raw materials required to manufacture the product. Work-in-process 
inventory (WIP) is the space wasted or cost to store the products which requires 
further processing. Unnecessary inventory tends to increase lead time, reduce quality 
and prevent rapid identification of problems. 
Unneeded motion is considered an ergonomics factor for employees. It is 
defined as the non-value-adding motion created by the workers in the manufacturing 
unit, which may also affect the quality and speed of the manufacturing process. 
A defect is defined as an unnecessary characteristic of a product which does 
not conform to the customer expectations, resulting in a product for which customers 
are not willing to pay. It causes customer dissatisfaction and hidden costs. High 
product inventory, transportation and unneeded motion of the employee can cause 
defects. 
2.2 OPERATIONAL TOOLS OF LEAN MANUFACTURING 
There are many lean tools and techniques which help manufacturing 
organizations to implement best manufacturing practices (Shah & Ward, 2007; 
Tiwari, et al., 2007). Organizations should therefore choose the most appropriate lean 
techniques/methods that are ideal to individual manufacturing needs. Successful 
implementation of lean strategies requires functional understanding of the key 
operational tools of lean manufacturing. The lean tools used in this thesis are adopted 
from other research (Abdullah, 2003; Mejabi, 2003; Shah & Ward, 2003; Amin & 
Karim, 2011). They are: Total Quality Management (TQM), Single Minute 
Exchange of Die (SMED), Total Productive Management (TPM), Production 
Smoothing, Just-In-Time (JIT), 5S, Kanban, Standard Work, Visual Control, and 
Cellular Manufacturing, Safety Improvement Program, Information Management 
System and Method-Time Measurement (MTM). Below is a summary of some of the 
notable lean strategies. 
 Chapter 2: Literature Review 18 
2.2.1 5S Method 
5S is a lean manufacturing practice that helps organizations to sort, set in order, 
shine, standardize, and sustain productive work environment. It helps to improve the 
following areas in a manufacturing organization (Chapman, 2005). 
• Long lead times 
• Low productivity 
• High operating costs 
• Late deliveries 
• Unreasonable ergonomic 
• Space constraints 
• Frequent equipment breakdowns 
• Hidden safety hazards (Chapman, 2005) 
The 5S system includes five steps described below (Zhou & Zhao, 2010): 
Sort: To tidy the organization. It refers to going through all tools, materials 
and equipment in the plant and work area, retaining only necessary items. Other 
objects are thrown out, which leads to less adverse impacts to the production work. 
Set in order: To ensure organization orderliness. Each item should be clearly 
labelled and systematically arranged for the easiest and most efficient access in order 
to promote efficient work flow. It focuses on organizing the work area by making it 
such that everything has a place and everything is in its place. The requirements for 
arranging in order should include: storage should be simply organized with visual 
confirmation; most frequently used tools and equipment are located closely to the 
employee; the tools, toolboxes and drawers need to be arranged visibly to open and 
close with less motion; work instructions are updated regularly and presented at the 
workstation; ergonomic guidelines should be used in work and tool design; key 
indicators should be shown an information boards to give guidelines for workers, 
product lines as well as production goals and status such as inventory, training, and 
calibration. 
Shine: ‘Shine’ brings a workspace back to proper order by the end of each 
working day. It requires periodic systematic cleaning. There are responsible 
operators establishing the cleanup methods (such as tools, checklists). They inspect 
the results periodically to keep the workplace clean and neat. At the end of each shift, 
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the work area should be cleaned and everything is restored to its place. This makes it 
easy to know what goes where, ensuring that everything is where it belongs and is 
ready to use at any time. What’s more, it is important to make this daily task become 
a habit. 
Standardize: Standardize is used to maintain the first three S's and turns those 
duties into regular work routines. These methods should be standardized and 
followed by all the staff company-wide. Once the first three S's are established, the 
work details are formulated into regulation and maintained every day. This 
regulation should consist of procedures and simple daily checklists, and should be 
posted in every work station. 
Sustain: Once the previous four S's have been established, they become the 
new routine and part of the company culture. So the fifth ‘S’, sustain, makes the 
organization sustain the previous four S's and does not allow the companies to fall 
back into the old ways. 
Following the 5S principles allows organizations to reduce the time wasted in 
searching for lost items in the manufacturing facility, while cleaning the 
manufacturing facility regularly and keeping items in an orderly fashion assures 
enhanced safety for workers and benefits machine reliability, among other factors. 
2.2.2 Kanban 
This is a Japanese word which means ‘card’ or ‘visible’. It was first developed 
by Taiichi Onho to control production between processes and implement JIT 
manufacturing at Toyota manufacturing plants in Japan. Kanban is a signalling card 
which has information about amounts of product to be produced, origin of the 
product, and destination of the product. The Kanban methodology is designed to 
simplify material handling and inventory management. Instead of stacking the 
materials issued to the production near the line in larger quantities, smaller quantities 
of materials are physically present at point of usage on the line and replenished only 
when a Kanban or signal is generated (Hobbs, 2004). 
Implementation of Kanban introduces a pull environment in the organization. 
Using Kanban, operators produce products based on the consumed products data 
rather than forecasted data. Key rules of Kanban usage are: 
• Only produce products to replace the products consumed by the customer 
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• Only produce products based on a signal sent by the customer 
By implementing Kanban, Toyota manufacturing was able to reduce WIP and 
the cost associated with holding inventories (Gross & McInnis, 2003). Other benefits 
of Kanban include (Hobbs, 2004): 
• Reduced inventory 
• Improved flow 
• Reduced or eliminated overproduction 
• Improved responsiveness to change in demand 
• Increased ability to manage the supply chain 
From the benefits of Kanban it can be observed that performance metrics such 
as cost, delivery time and flexibility can be improved. For instance, due to improved 
flow and improved responsiveness to change in demand, there will be improvement 
in delivery time and flexibility. By implementing Kanban there will be minimum 
inventory, by which the inventory holding cost will be reduced, thus also reducing 
organizational cost. 
2.2.3 Total Productive Maintenance (TPM) 
Total productive maintenance is defined as, “a practice that ensures 
uninterrupted and efficient use of equipment(s) through machine operator 
involvement” (Dennis & Shook, 2007). TPM is an initiative for optimizing the 
reliability and effectiveness of manufacturing equipment (Smith & Hawkins, 2004). 
TPM is a method used to improve overall efficiency (effectiveness) of equipment 
through a complete productive maintenance system for the entire life of the 
equipment, with participation of all employees from higher management to daily 
employees, through motivation or voluntary participation. The goal of TPM is to 
reduce equipment breakdowns, defects and safety problems (Ahuja, 2011). 
According to Smith & Hawkins (2004), TPM is the foundation of lean maintenance 
and safety is the foundation of TPM. TPM combines the features of productive and 
predictive maintenance with innovative management strategies (Singh, et al., 2006). 
Equipment must be given proper attention and maintained periodically, which is the 
main aim of TPM. One of the key strategies of TPM is employee involvement, 
including encouraging employees to treat the equipment like “it is your own” i.e. 
having employees perform maintenance strategies. TPM requires support from top 
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management to be effective (Smith & Hawkins, 2004). TPM will have a major 
impact on failure time reduction and increases the machine availability. According to 
practitioners, TPM dramatically improves (Smith & Hawkins, 2004): 
• Productivity 
• Equipment availability 
• Quality 
• Safety 
2.2.4 Total Quality Management (TQM) 
TQM is defined as a process that improves the quality of a product by 
continuous improvement in the manufacturing process through effective feedback 
from employees (Terziovski & Samson, 1999; Bayazit & Karpak, 2007). According 
to Harris (1995) basic concepts of TQM are: 
• Customer satisfaction: Identify internal and external customers of the 
organization and measure customer satisfaction periodically 
• Continuous improvement: Continuously improve the production system 
for good quality through quality improvement teams and establish a 
reward and recognition system based on teams’ achievement 
• Total quality control: Eliminate quality inspectors. Measure quality 
through workers i.e. from their feedback. Establish statistical quality 
control at every step of the manufacturing process 
• Training: Develop a training program to regularly update the skills of the 
managerial and non-managerial employees who are involved in 
manufacturing. 
2.2.5 Just-In-Time (JIT) 
JIT manufacturing is a management concept which assures improvement 
through elimination of waste like waiting time and overproduction. JIT Production is 
a method whereby the production lead time is greatly shortened by maintaining 
conformity to changes by having all process produce the necessary parts at the 
necessary time, and having on hand only the minimum stock necessary to hold the 
process together (Ward & Zhou, 2006). Following are the requirements to produce 
necessary parts at the necessary time: 
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• Reduced setup time 
• Group technology 
• Total preventive maintenance 
• Multi skilled employees 
• Kanban system 
• Uniform plant loading 
• Quality control 
• Quality circles 
A company establishing JIT flow throughout the manufacturing process can 
have zero inventories (Ohno, 1988). 
2.2.6 Cellular Manufacturing 
A production layout refers to an “approach to organizing the physical 
configuration of a facility based on the sequence of steps required to build a 
particular product” (Hill, 2011). Lean operations support a physical layout of the 
production facility that facilitates a one-piece process flow which is streamlined 
(Raja, 2011). Cellular Manufacturing is one such process in which equipment and 
workstations are arranged in a sequence that supports a smooth flow of materials and 
components through the process with minimum transport or delay (Suzaki, 1985). 
This practice helps eliminate the waste resulting from transportation and unnecessary 
motion of men, machinery and material (Suzaki, 1985). Cellular Manufacturing is 
the process of grouping machines or processes on the basis of the part or part 
families they process (Heragu, 1994). The main objective of designing Cellular 
Manufacturing is to create part cells, identify part families and allocate part families 
to machine cells so that the intercellular movement of these is minimized. According 
to a survey done in 70 manufacturing companies, implementing Cellular 
Manufacturing will result in (Heragu, 1994): 
• Setup time reduction 
• Work-in-process inventory reduction 
• Reduction in material handling cost 
• Reduction in labour cost 
• Improvement in quality 
• Improvement in material flow 
 Chapter 2: Literature Review 23 
• Improvement in machine utilization 
• Improvement in space utilization 
2.2.7 Production Smoothing 
‘Production Smoothing’ is a process in which the production level for each part 
is kept as constant as possible across and within days (Abdulmalek & Rajgopal, 
2007). Instead of running large batches of one model after another, it is advised to 
run small batches of many models over short periods of time. This practice results in 
producing the same mix of products during each period (McLachlin, 1997). The 
main advantage of implementing ‘Production Smoothing’ is that the output of the 
manufacturing unit will be the exact amount as required within the required time. 
There will be reduced chance of inventory. Hence it reduces the amount of inventory 
in the production premises. From the benefits of Production Smoothing, it can be 
observed that there will be a significant reduction in holding cost in inventories, 
checking and reworks of products (Suzaki, 1985). 
2.2.8 Single Minute Exchange of Die (SMED) 
SMED, an acronym for “Single Minute Exchange of Die”, refers to theory and 
techniques for performing setup operations in less than ten minutes. It is not that 
every setup time can be reduced to less than ten minutes, but the goal of SMED is to 
reduce the setup time to single digit. SMED considers two types of setups (Agustin 
& Santiago, 1996): 
External setup: It is the setup done while the machine is running. 
Internal setup: It is the setup done when the machine is off. 
The goal of implementation of SMED is to change internal setup to external 
setup whenever possible and also to streamline operations (identifies the best 
sequence, error proof, eliminates unnecessary steps, organizes the workplace). 
SMED is applied when there are varieties of products to be produced in a single 
production line. SMED reduces setup time and increases production flexibility. 
2.2.9 Standard Work 
Work which adds more value to the process by following the standard rules 
every time is called “Standard Work.” The main goal of lean management is to 
reduce the variability at every opportunity. There are different kinds of variability in 
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an organization. They are: demand variability, manufacturing variability, and 
supplier variability. Manufacturing variability includes variation in product quality 
characteristics, task time variations (e.g., downtime, absenteeism, and operator skill 
level). Standardized Work procedures like process mapping, operator loading, etc., 
attempt to reduce these sources of variability (Arnheiter & Maleyeff, 2005). Standard 
Work can be especially helpful when there is a complex procedure of work involved 
even for a simple task. From the benefits of Standard Work it can be observed that 
the cost and quality will be improved. 
2.2.10 Visual Control/Visual Management System 
Hill (2011) defined visual control as, “a set of practices that is aimed to design 
systems that have simple indicators and metrics that can be seen and understood 
almost immediately”. Visual Control enables anyone to more easily understand what 
is going on in the shop floor, and also indicates the safety lines and location for every 
tool. Operations in companies today have become more complicated, involving 
global supply chains and dispersed operations. So “dashboards” have been developed 
for information displays to report the current state of the company’s production, 
service provision or processes. Computer-displayed graphical outputs of the metrics, 
i.e., key performance indicators, are some of the examples of Visual Control tools. 
Visual Control tools ensure an effective means of communication of information 
such as customer requirements, production schedules, and the aims and objectives set 
by management across the enterprise (Parry & Turner, 2006). 
2.2.11 Safety Improvement Program 
Safety programs in most companies are compliance based – they do it because 
they have to follow Occupational Safety and Health Administration (OSHA) 
regulations. However, by taking a continuous improvement approach to safety, the 
program is proactive, rather than just reporting negative metrics like injuries or lost-
time accidents. As an example, manufacturers can take an improvement approach to 
safety. Employees can submit a safety improvement and it becomes more than a 
suggestion program, because they have to implement those suggestions. 
2.2.12 Information Management System 
Information Management System streamlines and automates all information 
flows in the entire production process such as product quality data, material and tool 
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availability, process status data, operator data, and work instructions, associated with 
production and production support (Mejabi, 2003; Moore, 2007). The objective is to 
eliminate waiting times for information and avoid process errors due to 
communication of erroneous data.  
2.2.13 Method-Time Measurement (MTM) 
MTM is utilized to measure the time required to execute a particular activity 
depends on the method performed for this activity. It is a modern instrument to 
describe, structure, design and plan work systems by means of defined process 
building blocks. MTM exhibits an internationally valid performance standard for 
manual tasks. Today, MTM is the most common predetermined time system in the 
world, thus establishing a worldwide uniform standard of planning and performance 
for a global business. A process building block represents a process step with defined 
work content and a distinct purpose for which a standard time applies. A system of 
process building blocks consists of a defined amount of process building blocks. An 
MTM system of process building blocks was developed for a specific, clearly 
defined process typology, a specific complexity of processes and defined process 
characteristics (Karim, et al., 2011; Kuhlang, et al., 2011). 
MTM process building block systems are assigned to clearly defined fields of 
application such as, for example, mass production, batch production or job shop 
production. The most important MTM process building block systems are the basic 
MTM-1 system, the higher level UAS (Universal Analyzing System) and MEK 
(MTM for one of a kind and job shop production system). MTM process building 
block systems provide a formal descriptive language for processes, are used 
uniformly throughout the world and are keen on recognizing the relevant influencing 
factors in a process. The use of MTM provides a valid base for the evaluation of 
productivity and time based information to plan and control processes, and supports 
the identification of deficiencies within the organization. 
This study proposed MTM as a standard work process lean tool to improve the 
manual assembly of the selected case organization. 
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2.3 LEAN STRATEGY SELECTION APPROACHES 
The different lean tools are described in the previous section. This section 
describes the methodologies developed by previous researchers to select appropriate 
lean strategies.  
2.3.1 Methodological approach 
Prasad (1995) developed a JIT quality matrix to determine how well the JIT 
implementation should work. This study showed how implementation of strategies 
can be launched by applying the JIT quality matrix and described 11 scenarios for 
selecting JIT tools to improve the objectives of the organization. This selection was 
based on the relationship among lean tools, wastes and performance metrics. 
However, other important factors such as organizational financial capability (Anvari, 
et al., 2010); organizational ability to giving sufficient time for implementing these 
strategies were not considered by Prasad. 
Hines & Rich (1997a) developed a method to select value stream mapping 
tools (Hines & Rich, 1997). In their method, they mapped the relationships between 
the improvement tools (VSM) and wastes (process problems). Then, they selected 
the appropriate value stream mapping tools based on the priority of different wastes 
in a value stream. The initial step of this method was to train the management team 
to properly identify and recognize the wastes in their industry. Then, the 
management team was asked to rate the relative importance of the wastes in their 
organization by allocating a total of 40 points over the eight wastes. The next step of 
this method was to form a correlation matrix between tools and wastes based on the 
management team experience as well as previous literature. This methodology 
initially became very popular as a technique for waste reduction and saving of 
company money. However, the methodology was short of cost-effective decision-
making during lean strategies selection, i.e. lack of analytical models for making any 
decision on lean strategies selection and implementation by a manufacturer. Their 
methodology also confined to a limited set of value stream mapping tools and 
ignored the other lean tools. 
Singh, et al., (2006) used the same set of tools as Hines and Rich (1997). They 
used multi attribute utility theory to combine the decision makers’ perceptions for 
every portion of the process. Using prioritized preference information and analytical 
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hierarchical process (AHP), appropriate VSM tools are selected for the particular 
cell. This methodology was applied in a die casting unit, which produces precision 
machined components by using pressure and gravity die casting process. This 
methodology indicated that all the ten value stream mapping tools were not required 
to identify the waste in a manufacturing process. However, they only considered 
value stream mapping tools and overlooked the other lean strategies which could be 
appropriate for different situations. 
Herron & Braiden (2006) and Ogundu (2012) developed a method depending 
on identifying hypothesized relations between process stages and performance 
metrics, performance metrics and process problems, and problems and tools. The key 
outcome of the method is the assignment of a numerical value to the compatibility 
between the problems of a particular company and a selected combination of lean 
tools and techniques. The results showed that lean manufacturing tools may have a 
major impact on specific areas of manufacturing. However, the suggested tools had 
not yet been implemented in the 15 organizations at the time of publication of their 
paper, so the objective results from tool implementation could not be assessed. It also 
did not consider the cost effectiveness evaluation for each technique. Ogundu (2012) 
used activity based costing method to determine the cost impact of operation 
performance measure on system waste and the cost impact on wase reduction and 
elimination on operation. However, he did not consider manufacturer cost and time 
constraints of lean implementation. 
Tiwari, et al., (2007) developed a technique to assist manufacturing 
organizations to implement cost and quality practices in manufacturing operations 
management. They used an approach to compare the current activities and best 
practice activities for the team leaders, cell leaders and operations managers. This 
methodology provides a clear definition of the existing practices in the company (a 
current state baseline), identifies needed best practices at the right levels, promotes 
operational effectiveness through best practice adoption, operational standardization 
and consistency, operational efficiency and flexibility. However, it did not 
recommend possible cost of activities required to implement these tools. 
Inanjai (2009) developed decision support aids that will guide future 
researchers and practitioners in selecting the tools that will be most applicable for a 
given process industry. This developed methodology helps organizations to select 
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lean tools based on their characteristics and expected wastes. This study provides 
initial direction for future research on the relationships between process 
characteristics, wastes, and tools in the process industry. However, manufacturers are 
concerned about the resources needed for implementation of these lean strategies, 
information about which is missing in this developed methodology. A four-point 
rating scale was used for mapping the relationships between the lean strategies and 
wastes: “9” for high correlation, “3” for medium correlation, “1” for low correlation, 
and “0” (no rating) for no correlation (Prasad, 1995; Hines & Rich, 1997a; Herron & 
Braiden, 2006). 
While these previous studies involved the mapping of relations between 
improvement tools, wastes (or process problems), and, sometimes, performance 
metrics, they do not attempt to directly assign relative importance (weights) to 
manufacturing wastes and then consider manufacturers’ resources limitation to 
improve these wastes, by selecting and implementing appropriate lean strategies. 
2.3.2 Analytical approach 
Qiu (2007) and Alsyouf, et al., (2011) presented a framework for selecting cost 
effective lean solutions. This methodology was developed by identifying the 
performance problems of production and business processes, then analysing their 
impacts and root causes, and finally selecting the cost effective strategies using life 
cycle cost analysis (LCCA).  Gautam & Singh (2008) proposed a mathematical 
model and step-by-step methodology for calculating perceived value of capturing the 
optimized design changes of a new or existing product with cost implications. 
However, their works were not related to lean strategies selection and did not 
consider the relationship between the lean strategies and manufacturing wastes. 
Moreover, these methodologies did not look into the relationships between the lean 
tools and wastes. Their methodology also did not include the manufacturer 
perspective of investing money and time for lean tools implementation. 
Hu, et al., (2008) also developed a decision support system utilizing a multi-
objective formulation for project portfolio selection problem in manufacturing 
companies. The model aided the effective implementation of Lean and Six Sigma 
concepts in the case organization. However, they did not look at the wastes and lean 
tools correlation so that manufacturers’ get benefits from that perspective. They only 
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considered the benefits from the project and portfolio selection cost during lean and 
six-sigma implementation in the organization. 
2.4 LEAN IMPLEMENTATION CONSTRAINING FACTORS  
The implementation of lean manufacturing strategies within organizations is 
perceived to draw enormous challenges (Achanga, et al., 2006; Browning & Heath, 
2009; Aurelio, et al., 2011). Bhasin & Burcher (2006) stated that although lean 
manufacturing has discernible benefits; its implementation in the organization suffers 
from several challenges. Sohal & Egglestone (1994) agreed that only 10 percent of 
companies have lean manufacturing philosophy properly instituted. Moreover, it is 
believed that less than 10 percent of the overall UK companies have yet to 
accomplish successful lean implementation within their premises (Barker, 1996; 
Barker & Barber, 1997). 
There are various reasons noted as the barriers of successful lean 
implementation within organizations. Most of the times, these reasons go on 
undetected or remain underestimated. The operational activities within 
manufacturing organizations are more often than not, distinct. As a result, linking the 
causes of these problems to their exact effects becomes very complex. Below are 
some of the factors that are believed to obstruct the implementation of lean 
manufacturing and should be considered early in the lean strategies selection and 
implementation within organizations. 
2.4.1 Cost of lean implementation 
The first important point regarding implementation of lean strategies is that 
lean production cannot simply be added to the existing organization and be expected 
to work properly. There is a need for change in structure, habits, performance 
evaluation system and overall, change in the organization, to be able to adapt to lean 
(Mirzaei, 2011). Lean strategies are implemented to make the manufacturing process 
efficient. However, this often brings one or more undesired situations as listed below 
(Bachamada, 1999; Gautam & Singh, 2008; Browning & Heath, 2009; Mirzaei, 
2011): 
• Need to commit  extra implementation cost 
• Investment in manufacturing and assembly facilities 
• Changed maintenance and increased cost of part management 
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• Increased risk to quality 
Financial inability is viewed as one of the major hindrances to adopting and 
implementing lean strategies successfully in manufacturing organizations. 
Manufacturers fear that applying lean manufacturing strategies, like any other 
productivity improvement initiative, could require large amounts of funding to pay 
for consultants, as well as aiding the implementation of these strategies. The training 
of people about lean strategies also requires funds. In some instances, production of 
firms may be halted in order for the workforce to embrace such knowledge, a fact 
that manufacturers view as an unnecessary loss of resources, more especially if they 
do not anticipate the immediate returns. Shah and Ward (2003) stated that 
consideration of organizational contexts such as organization size and organization 
resource limitations have been noticeably lacking in research on the implementation 
of lean strategies. As a result of these limitations, the impact of lean programs on 
organizational performance has been mixed (Samson & Terziovski, 1999; Shah & 
Ward, 2003, 2007; Schonberger, 2007). 
2.4.2 Lean implementation time 
The transition process to lean is an arduous and time-consuming task 
(Papadopoulou & Ozbayrak, 2005a). Manufacturers are concerned that implementing 
lean strategies is costly and time consuming (Papadopoulou & Ozbayrak, 2005; 
Achanga, et al. 2006; Browning & Heath, 2009). Bachamada (1999) stated that time 
may be required to be kept at a minimum for the successful operation of lean. He 
classified the lean implementation time in various stages such as planning time, 
designing time, infrastructure development time, training time, and production start 
up time. It is also stated that the time between the initial planning and 
implementation ranged from six to seventy months, with an average of 22 months for 
the overall lean project implementation (Bachamada, 1999). For the planning stage 
of the project the average time taken by the companies was about five months, 
ranging between one and thirteen months. For the design stage the average and range 
were roughly the same as for the planning stage. For the infrastructure development 
stage, average time was approximately four months. 
The training of the operator for the project varied widely for the different 
companies (Melton, 2008; Mirzaei, 2011). Many companies had trained their 
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employees in a period of four to six months. But there were several companies who 
trained their employees continuously throughout the project duration. The average 
training time was 10.2 months for employee of these selected case organizations 
(Bachamada, 1999). For many companies, the timing for the various stages of 
implementation overlapped with each other, especially for the training; few 
companies trained their employees throughout the lean project and some trained the 
workers initially before the project. The survey also asked respondents to indicate if 
they had implemented any pilot project prior to the full implementation of the lean 
project; but none of the respondents indicated any pilot project. The production set 
up for the project, as mentioned by the respondents, varied with time. Finally, the 
average time for production start-up was six months.     
2.4.3 Misapplication of lean tools 
Due to the competitive nature of the current manufacturing market 
environment, most managers have opted to adopt the lean manufacturing concept in a 
rush. According to recent surveys, 75% of companies currently employ some type of 
process improvement strategy (Dhallin, 2012). Different areas of industry do not 
have the same level of strategy implementation and the same strategies to follow 
(Dhallin, 2012). Pavnaskar, et al., (2003) stated that misapplication of many lean 
manufacturing tools by companies in haste of being lean resulted in many failures 
that emanated from inadequacy in understanding the purposes of the tools in 
question. For this reason, the implementation of lean methodology will definitely not 
impact on the overall organizational profitability since no change will occur in that 
respect. Hence, to achieve successful implementation and subsequent adoption of the 
lean manufacturing concept, a combination of factors must be facilitated 
concurrently. These include an early understanding of the lean principles and their 
operational activities and the impact of these principles within any organization. 
2.4.4 Employee involvement 
Lean is often said to fail in implementation despites its current popularity 
(Bhasin, 2008). This is something that lean has in common with other management 
systems and organizational changes more generally, where studies report failure rates 
of up to 70 percent (Pedersen & Huniche, 2011). With regards to lean, evidence 
indicates that failure may be rooted in limited implementation experience, a tendency 
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to return to old routines, low management commitment, lack of training and 
education, poor linkage between lean activities and overall strategy, etcetera 
(Achanga, et al., 2006; Anvari, et al., 2011; Mirzaei, 2011). 
The application and successful adoption of the concept of lean manufacturing 
can be sustained in a smooth and structured manner when employees of the 
organization concerned are involved (Mirzaei, 2011; Pedersen & Huniche, 2011). 
More often than not, senior management strive to improve performances by 
involving consulting firms while ignoring the importance of including the general 
workforce. This mishap serves to create no change being enforced since the 
knowledge has remained within the confines of just a handful of people; mostly the 
senior managers. The above statement therefore instigates the argument in favour of 
employees' involvement in a lean initiative right from the very beginning. This is 
because workforces, at the strategic, managerial and operational levels, usually have 
differing skills and therefore, interlinking their interactions in the implementation of 
lean manufacturing only benefits the organization, since a more methodological 
approach to problem solving can be shared mutually enterprise-wide. 
2.4.5 Complexity of implementing lean tools 
One difficulty with lean manufacturing is that the complexity of the new 
approach takes a long time to implement fully. If managers use only a few of the 
basic lean tools to identify faults, which is a quick fix approach, the real potential for 
dramatic and continuous improvement is usually lost. The fundamental question 
most organizations wishing to adopt productivity improvement initiatives face is 
whether initiatives should be adopted sequentially or concurrently (Åhlström, 1998). 
Studies have shown that most times, organizations concentrate on a particular 
paradigm in isolation (Prince & Kay, 2003). There have been close interrelations 
between some principles of lean production, for instance between pull scheduling 
system and setup time reduction, therefore, it is essential to implement them 
simultaneously. 
On the other hand, Ferdows & De Meyer (1990) argued that the efforts and 
resources that managers can dedicate to the implementation of lean in an 
organization is usually limited. It means that the manager usually has to prioritize 
some of the practices and implement them sequentially in order to be able to cope 
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with other important ongoing tasks within the business. Further, Womack, et al., 
(1990) argued that achieving JIT is a sequential path; therefore, it firstly requires the 
change in employees’ attitudes toward quality, together with the establishment of a 
flow with only value-added operation. Then, the implementation of techniques such 
as Kanban and flow layouts is essential for implementing JIT. This indicates that 
complexity of the lean tools and manufacturing operations should be taken into 
consideration during lean implementation.  
2.4.6 Sustainable lean implementation 
One clear-cut reason for lean manufacturing failure in organizations, is lack of 
sustainability of lean implementation efforts.  Anvari, et al., (2010) and Mirzaei 
(2011) proposed 11 critical success factors (management and leadership, 
organizational cultures, goals and objectives, problem solving, skills, continuous 
improvement, financial capabilities, performance measure, change, education and 
plan) to implement lean strategies. They proposed three implementation stages 
(preparation, design and implementation) but failed to establish a systematic 
methodology by which manufacturers could identify wastes; evaluate existing 
performance; remove those wastes; recalculate the performance and use sustainable 
lean tools for continuous improvements. 
Lean tools are powerful ways to achieve manufacturers’ goals. However, 
organizations should take account of special considerations for using lean concepts in 
different environments, including both tools and methods. To maximize the benefits 
of lean applications, it is necessary for the improvements to be a continuous process 
and to be viewed and measured from an economic point of view. Simply put, the 
costs and time for implementing lean improvements must be lower than the benefits 
that could be gained. In addition to the identified wastes, therefore, it is important to 
consider the above identified constraints during selecting appropriate lean strategies.  
2.5 LEANNESS ASSESSMENT METHODS 
Assessment tools are crucial to the successful implementation of any effective 
manufacturing principles. Currently, lean research forums also discuss the two main 
questions (Mahfouz, et al., 2011): (1) how can leanness i.e. lean strategies be 
implemented? and (2) how can it be measured? Many companies have applied lean 
tools and techniques across their operations. However, more than 90% of them failed 
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to recognise measurable improvement in performance (Bhasin & Burcher, 2006; 
Ignizio, 2009). This is because of lack of understanding and appropriate models to 
monitor, assess and compare leanness levels during the lean implementation process 
(Soriano-Meier & Forrester, 2002; Behrouzi & Wong, 2011; Bhasin, 2011). Lean 
assessment methods were categorised into four groups namely: value stream 
mapping, qualitative lean assessment tools, lean metrics and benchmarking (Wan and 
Chen, 2008). Brief descriptions of these methods are given below. 
2.5.1 Value Stream Mapping (VSM) 
Value Stream Mapping (VSM) is conceptualized as the collection of activities 
that are required to produce a product or service or a combination of them to a 
customer (Singh, et al., 2006). VSM tools were developed to streamline the process 
continuously (Womack & Jones, 2003). Based on the ‘seven types of wastes’ 
addressed by Ohno (1988), seven value stream mapping tools were developed to help 
lean practitioners identify the sources of waste and the appropriate steps of 
improvement as well as assess the leanness level (Hines & Rich, 1997b; Wan & 
Chen, 2008). However, this tool set has revealed some weaknesses during 
implementation such as limited coverage of wastes, missed improvement 
opportunities, and complexity of the approach in understanding and implementation 
(Taylor & Brunt, 2001). 
Rother & Shook (1998) then used VSM to assess leanness level by developing 
and comparing a system’s current and future state maps. However, the emphasis was 
on time-based evaluation, as system performance was demonstrated through a time 
horizon (e.g. cycle time, changeover and time in inventory). Due to its simplicity and 
effectiveness, the tool was employed in several applications, manufacturing and non-
manufacturing (Tapping & Shuker, 2003). Although the efficiency of VSM in 
clarifying systems status and process sequences regarding customer values is high, it 
is not able to quantitatively measure the overall leanness level due to the absence of 
an integrated leanness measure (Wan & Chen, 2008). In addition, VSM has limited 
capabilities to represent the qualitative performance metrics (e.g. supplier 
responsiveness and customer satisfaction) of a manufacturing system. 
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2.5.2 Qualitative lean assessment tools 
Qualitative lean assessment tools are more efficient in terms of measuring the 
overall leanness level and guiding the users through lean implementation (Jordan, 
2001). Wan & Chen (2008) stated that surveys are used to help manufacturers to 
assess the degree of adoption of the selected lean strategies in their organization. 
However, a particular set of indicators cannot fit every system perfectly. Therefore, 
the resulting leanness scores may not characterize the leanness level appropriately. 
Wan & Chen (2009) proposed a dynamic assessment approach and developed 
different templates of lean indicators to be adaptive in different scenarios. However, 
this approach requires a large amount of templates to be designed for a system in 
various environments. This weakness limits the effectiveness of this approach. Lean 
aerospace initiative (LAI) at MIT developed the lean enterprise self-assessment tool 
(LESAT). This is the most popular technique among the lean assessment tools. 
Based on a maturity model, the LESAT assesses the leanness goal of an enterprise 
with surveys (Nightingalea & Mizeb, 2002). Their data collection phase incorporated 
the collection of answers to 54 questions (i.e. lean practices) from individual senior 
enterprise employees. The model outcomes addressed the failure of the company’s 
traditional accounting methods and also identified some financial measures that 
conflict with the lean concept. 
Soriano-Meier and Forrester (2002) applied a lean assessment model composed 
of two questionnaires to assess the leanness levels of 30 UK ceramic tableware 
manufacturers in the same year. The model consisted of nine groups of ‘measurable 
determinants’ which focused on technical lean practice such as waste elimination, 
continuous improvement, zero defects, JIT deliveries, pull of raw materials, 
multifunctional teams, decentralisation, integration of functions and the use of a 
vertical information system (Karlsson & Ahlström, 1996). Peking University 
developed user interface-based questionnaires to evaluate the leanness of nine key 
areas of the Chinese Hi-Tech industry (inventory, team approach, processes, 
maintenance, layout/handling, suppliers, set-ups, quality and scheduling/controlling) 
(Taj, 2005, 2008; Taj & Morosan, 2011). The model presented a qualitative approach 
with an immediate feedback mechanism for assessing the leanness of a 
manufacturing environment, and showed a significant gap between the current and 
the acceptable level of leanness in the Hi-Tech industry. 
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Based on Balanced Scorecard, Sánchez & Pérez (2001) identified 36 indicators 
and classified them into six groups to assess the changes associated with lean 
manufacturing. Shah & Ward (2007) developed an operational measurement model 
for lean production and identified the most salient ten dimensions of lean production. 
These dimensions have been distilled from 48 lean practices and tools which were 
evaluated based on how extensive their implementations are in the lean 
manufacturing systems. Finally, Goodson (2002) assessed company’s leanness with a 
rapid plant assessment tool (RPA). RPA helps the experts to make decision on true 
leanness of factories. RPA involved a team of experts taking a tour through the target 
factory, observing all plant aspects and seeking evidence that the studied plant 
adhered to best practice. 
2.5.3 Lean metrics 
Lean metrics are employed to quantitatively assess the leanness level based on 
organizations’ actual performance (Nightingale and Mize, 2002). Allen, et al., 
(2001b) classified the metrics into productivity, quality, cost, and safety. Detty & 
Yingling (2000) attempted to quantify the benefits of implementing lean 
manufacturing at an assembly operation using a simulation based approach. Rivera & 
Frank Chen (2007) have measured the impacts of lean tools on the cost-time 
investment of a product using a cost-time profile. They have proposed a cost-time 
profile as a useful tool for the evaluation of improvements achieved by the 
implementation of lean tools and techniques. Khadem, et al., (2008) and Gopinath & 
Freiheit (2012) developed a quantitative analysis framework and simulation 
methodology to evaluate the efficacy of lean metrics and identified four performance 
metrics for production systems. Performance metrics were Overall Equipment 
Effectiveness (OEE), First Time Through (FTT), Dock-to-Dock (DtD), and Build to 
Schedule ratio (BTS). However, they failed to integrate any qualitative metrics into 
measuring leanness assessment. 
Narasimhan, et al., (2006) have presented the empirical investigation of 
disentangling leanness and agility. Some of the performance dimensions of leanness 
include: conformance quality, delivery reliability, low buffering cost, efficiency, 
product mix flexibility etcetera. Ramesh & Kodali (2011) developed a decision 
framework for maximizing lean manufacturing performance and identified 29 
performance metrics through a literature survey. They also categorized all these 
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performance metrics into qualitative and quantitative performance metrics. However, 
it is important to reduce many of the established performance metrics to a relatively 
low number that are more effective for performance evaluation. Moreover, they did 
not attempt to bring these performance metrics together and generate an overall 
leanness index for the manufactures. In general, a group of metrics are needed to 
outline the overall leanness level since each metric contributes only partially.  
Manufacturing cycle efficiency (MCE) is a lean index for measuring cycle time 
reduction and comparing value-adding time with total cycle time to show the 
efficiency of a manufacturing process (Levinson & Rerick, 2002). The MCE 
indicates the leanness level in terms of time-based performance. It is an index for 
cycle time reduction that compares value-adding time with total cycle time to show 
the efficiency of the manufacturing process. Aspects such as value-added index, 
system flow time, orders cycle time, average inventory level, resources utilisation 
and labour productivity were all addressed as leanness manufacturing metrics 
(Fogarty, 1992; Hiroshi Katayama & David Bennett, 1999). However, Fogarty 
(1992) argues that MCE overestimates manufacturing efficiency. He proposed a 
value added efficiency (VAE) index to address the weakness. However, these two 
factors are not sufficient to fully represent overall leanness by ignoring other factors 
like cost, supplier responsiveness, and customer satisfaction etcetera. 
Katayama and Bennett (1999) stated that ‘Labour Productivity’ was used for 
measuring leanness. However, it ignores the other benefits of leanness and could 
mislead the decision makers to over-invest on automation. In an automotive 
dealership, leanness evaluation is based on customer retention and the majority of its 
performance metrics are related to the customer satisfaction dimension (e.g. on-time 
delivery, quality of delivery and speed of retrieving customer information). Leung & 
Lee (2004) identified “operation leanness” and “new-value creativeness” as the two 
principal competencies of manufacturing firms. They define operational leanness as 
the “performance” reflecting the competencies of a manufacturing firm by “utilizing 
its input in more efficient ways.” The way to achieve “operation leanness” is to 
eliminate wastes from the system. However, no quantitative measure of leanness was 
found in their paper. The overall leanness should be assessed and also continuous 
improvement techniques into the process need to be set for long term sustainability. 
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It is noted that, though past researchers had explored groups of metrics, due to 
the nature of the metrics being different from each other, these methods proved 
difficult in synthesising the group of metrics into an integrated leanness measure. 
2.5.4 Benchmarking 
Wan & Chen (2008) stated that a benchmarking methodology is needed to 
derive a meaningful value that represents the level of leanness. Although lean metrics 
are designed to include the critical lean principles, a fixed set of indicators cannot be 
utilised for all systems (Wan and Chen, 2008). Hence, a number of authors have 
employed a benchmarking approach to quantitatively measure the level of leanness 
by comparing the current state of the system with the benchmarked performance 
(Kojima & Kaplinsky, 2004; Gurumurthy & Kodali, 2009; Singh, et al., 2010). Data 
envelopment analysis (DEA) quantified leanness manufacturing level based on a 
benchmark of the ideal leanness frontier (Wan and Chen, 2008). Using Data 
Envelopment Analysis (DEA), Wan & Chen (2008) developed a mathematical model 
to measure the leanness and agility of manufacturing systems. He quantified the 
leanness and agility of decision making units (DMUs) and compared them to the 
benchmarks derived from historical data. However, the authors focused only on time-
based performance of leanness, and did not include losses and other wastes such as 
excess inventory, transportation cost, and defects. In another study, benchmarking 
against exemplar companies was used to assess leanness level using the Mahalanobis 
Taguchi Gram Schimdt System (MTGS) (Srinivasaraghavan & Allada, 2006).  
Srinivasaraghavan & Allada (2006) emphasized that lean assessment metrics 
should have some basic properties such as the ones listed below: they should be 
measurable and in-line with the strategic objectives of the customer value, enable the 
control and evaluation of performance, aid in understanding the current scenario and 
help in identifying improvement opportunities and it should be up-to-date and 
realistic. 
However, while using external benchmarking is useful in comparing a 
company with its competitors, there are some challenges such as in many businesses; 
it is not easy to find best in class, as access to the performance data of several 
companies is usually a challenge. Moreover, different manufacturing systems have 
individual factors which affect their performance (e.g. cultural, social, economic, and 
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environmental factors). Hence, it seems inappropriate to compare two manufacturing 
systems with different individual features. 
2.5.5 Leanness assessment using fuzzy logic 
Bayou and De Korvin (2008) developed a systematic measurement algorithm 
for lean assessment of manufacturing systems. They used the fuzzy-logic 
methodology since they believed lean is a matter of degree. They compared the 
production leanness of Ford Motor Company and General Motors Company 
selecting Honda Motor Company as a benchmarking firm. They proved that the Ford 
Motor system is 17% leaner than the General Motors system through the 
benchmarked system. Following this, they chose JIT, Kaizen, and quality control as 
lean attributes. However, they only attempted quantitative performance metrics. 
Vinodh & Chintha (2010b) and Vimal & Vinodh (2012) have presented a model to 
assess leanness of the organization using the multi-grade fuzzy approach. The 
disadvantage of this method is that advanced methods of fuzzy logic have not been 
explored (Vimal & Vinodh, 2012). Lin, et al., (2006) have proposed a model to 
assess level of agility using fuzzy logic. This model lacks the usage of advanced 
membership functions of fuzzy logic for integrating both qualitative and quantitative 
performance metrics to generate a single leanness value. 
Table 2.1 presents a summary of the leanness assessment approaches along 
with their strength and weakness points. 
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Table 2.1: Summary of leanness assessment methods 
Category Lean Assessment 
Model/Approach 
Authors Input Data 
Type 
Strength Weakness 
Value Stream 
Mapping 
Value Stream Mapping 
Approach 
(Hines & Rich, 1997a), (Rother 
& Shook, 1998) 
Qualitative Effective mapping tool focuses on 
creating continuous value stream 
No integrated measure for 
the overall leanness 
Lean 
Assessment 
Tool 
LESAT 
 
Soriano-Meir and Forrester 
Model 
Chinese Hi-Tech Model 
 
Balanced Score Card 
 
Shah and Ward Model 
 
RPA Model 
(Nightingalea & Mizeb, 2002)  
 
(Soriano-Meier & Forrester, 
2002) 
 (Taj, 2005; Taj & Morosan, 
2011)  
(Sánchez & Pérez, 2001) 
  
(Shah & Ward, 2007) 
 
(Goodson, 2002) 
Qualitative Can assess the overall leanness level 
based on different lean constructs 
(e.g. People, operations, quality, 
suppliers and the customers) 
The output is subjective 
based on individual 
Judgements 
Lean Metrics Manufacturing Cycle Efficiency 
Model 
Discrete Event Simulation 
Value Added index 
Labour Productivity 
(Levinson & Rerick, 2002) 
 
(Detty & Yingling, 2000) 
(Fogarty, 1992) 
(Hiroshi Katayama & David 
Bennett, 1999) 
Quantitative Assessing leanness level 
quantitatively based on the actual 
performance 
Although an integrated group 
of metrics are required to 
measure the overall leanness 
level, synthesizing various 
metrics in one integral 
leanness measure is difficult 
due to their different nature 
and measurement units 
Benchmarking Data Envelopment Analysis 
Mahalanobis Taguchi Gram 
Schmitt System 
Fuzzy Logic Methodology 
 
 
Benchmarking Lean Assessment  
 
(Wan & Chen, 2008) 
(Srinivasaraghavan & Allada, 
2006) 
(Bayou & de Korvin, 2008; 
Vinodh & Chintha, 2010b) 
 
(Gurumurthy & Kodali, 2009) 
 
Quantitative Quantitatively measure the overall 
leanness comparing the system's 
state with benchmarking 
performance 
Exemplar performance 
benchmark needs to be 
collected from peers and 
competitors. In addition, the 
outcome is heavily 
depending on the quality of 
the benchmark 
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2.6 LIMITATIONS AND RESEARCH GAP 
The literature review discussed in this chapter demonstrates that many research 
studies have been directed towards lean manufacturing implementation and leanness 
assessment. The identification and selection of the inappropriate lean strategy for a 
given situation can sometimes lead to an increase in waste, cost and production time 
for a manufacturer. Many researchers developed methods to select appropriate lean 
strategies for the identified manufacturing wastes to improve the performances of 
their manufacturing processes (Prasad, 1995; Hines & Rich, 1997a; Herron & 
Braiden, 2006; Tiwari, et al., 2007; Inanjai, 2009; Alsyouf, et al., 2011; Ogundu, 
2012). Their developed methodologies were based on ranking of identified wastes or 
sometimes ranking of performance metrics specified by the decision makers and then 
selection of the lean strategies. After selecting the appropriate strategies, they 
implemented the suggested lean strategies and calculated the potential savings from 
the implementation. 
However, industries are concerned that implementation of lean strategies is 
costly and time consuming task (Papadopoulou & Ozbayrak, 2005; Achanga, et al. 
2006; Browning & Heath, 2009). The majority of the researchers have acknowledged 
that the transformation process to a lean production system requires a lot of effort, 
participation of all levels in the hierarchy, introduction of new principles not only in 
the shop-floor level but also in the organizational culture and structure. Literature 
demonstrated the importance of examining the significant factors such as 
manufacturers’ budgetary constraints, allocated time, organizational size, complexity 
of manufacturing process and resistance from shop floor operators during the 
successful implementation of any lean initiative beyond the ranking of only the 
identified wastes or performance metrics (Mejabi, 2003; Shah & Ward, 2003; 
Achanga, et al., 2006; Anvari, et al., 2010; Ogundu, 2012). However, there is a lack 
of published studies that establish the relationship between the lean strategies and 
manufacturing wastes and then selection of appropriate lean strategies according to 
the manufacturers’ priority of wastes considering their resources limitation. 
The current lean strategies selection literature is void of an analytical model 
and a systematic procedure that can provide an optimum decision tool for 
manufacturers to select appropriate lean strategies for their identified wastes within 
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their limited amount of available resources. More specifically, the existing 
methodologies lack a systematic methodology and analytical model to make an 
effective decision for selecting optimum lean strategies for the identified 
manufacturing wastes within manufacturers’ limited available resources. 
Literature shows that a theoretical principle for determining the appropriate 
selection of lean manufacturing strategies is absent (Mejabi, 2003; Leung & Lee, 
2004; Achanga, et al., 2006; Moore, 2007). Existing methods of selecting lean 
strategies relies on the manufacturer’s judgement rather than any sets of logical 
justification. Manufacturers seeking advice for their investment to implement new 
lean strategies, may desire a certain theoretical ground to ensure their investment 
decisions are logically sound (Wacker, 1996). Therefore, it is necessary to develop a 
systematic methodology to select appropriate lean strategies along with manufacturer 
focus of improvement areas (wastes) within their limited amount of available 
resources. 
From literature, it can also be summarized that various leanness assessment 
approaches were employed in the previous publications. Different studies have 
defined a group of tools and techniques for leanness assessment in an organization. 
Leanness assessment models reported in the literature included: qualitative lean 
assessment models, benchmarking, graphical presentations, and analytical models 
(Taj, 2005; Wan & Chen, 2008). However, the majority of these studies are unable to 
deliver a systematic measure of leanness performance level by which different 
companies, or different situations in a company, can be compared and hence lean 
efforts can be sustained and tracked. 
For example, the qualitative lean assessment models are always criticized due 
to their subjectivity of the assessment nature. Value Stream Mapping (VSM) is not 
able on its own to quantitatively assess the overall leanness level (Wan & Chen, 
2008). Several authors employed the benchmarking approach in lean assessment 
process (e.g. Bayou & de Korvin, 2008). However, it is difficult to collect an 
exemple performance benchmark from peers and competitors especially in today’s 
competitive market, due to the difficulties associated in finding best in class and 
because access to the performance data of several companies is usually a challenge. 
Finally, mathematical and analytical models such as simulation modelling and data-
envelopment analysis, and fuzzy logic, have been used in lean assessment articles 
 Chapter 2: Literature Review 43 
(Detty & Yingling, 2000; Wan & Chen, 2008; Vinodh & Chintha, 2010b). These 
approaches evaluated organizations’ leanness through a group of different lean 
metrics since an individual metric cannot represent the overall leanness level. The 
challenge is to synthesize a group of lean metrics into an integral leanness measure 
despite the differences in their nature and measurement units (Wan & Chen, 2008; 
Wong, et al., 2012). 
There is currently no integrated leanness approach that can provide a 
quantitative leanness index that represents the overall leanness level of a 
manufacturing organization. The existing leanness assessment methods are useful 
under some specific conditions. None offers a comprehensive method, which can 
consider various criteria or attributes into a single score for manufacturing leanness 
measurement. For example, the mathematical models are not able to measure the 
linguistic measures, and the conceptual models cannot measure the quantitative 
indicators via a mathematical logic. Moreover, there is no literature which develops a 
method to determine optimum lean range for lean implementation. Evaluating real 
life manufacturing environments requires understanding of all the factors affecting 
the performance. In general, an accurate performance measurement of the lean 
manufacturing activities is based on quantitative measures such as cost and 
productivity and qualitative measures such as manufacturing flexibility and quality, 
which are absent in the existing body of knowledge. Therefore, it is necessary to 
develop a quantitative leanness assessment model considering both qualitative and 
quantitative performance metrics to assess the overall leanness level and set a 
leanness benchmark for a manufacturer. 
2.7 RESEARCH GAP ANALYSIS 
Current review of literature conducted in this chapter identified a number of 
research gaps. Followings are some of the fundamental issues origined from the 
literature review. 
• In the selection of lean manufacturing strategies, manufacturers are not 
clear their investment decisions being logically sound or not. Questions 
can be raised as to whether a manufacturer needs all the lean tools or just 
some of them, and how to select appropriate lean strategies within their 
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resource constraints. At the moment, no significant work exists in this 
area. 
• There is also a lack of structured methodology for selecting and 
implementing lean strategies to aid organizations in determining the 
perceived benefits of implementing lean strategies to reduce 
manufacturing wastes within their resource constraints. 
• Individual metrics focusing on a specific performance aspect cannot 
represent the overall leanness level. There is a lack of leanness 
performance assessment models which consider both qualitative and 
quantitative performance metrics together to generate a meaningful 
leanness value. 
• There is also a lack of quantitative leanness performance assessment 
models which can answer the questions ‘how lean is the system’ and ‘how 
lean should it be’. 
• Current literature also lacks a method of determining optimum value of 
leanness achievement i.e. it lacks the answer of “how lean the system 
should be.” 
• Usage of Fuzzy membership functions to transform both qualitative and 
quantitative values into quantitative ones and then measure leanness 
performance are limited in the existing literature.  
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Chapter 3: Research Methodology 
This chapter describes the research methodology adopted in this research. The 
objectives of this research are: 
• To develop mathematical models and a systematic methodology for 
selecting appropriate lean strategies for manufacturing organizations 
within their resource constraints 
• To develop a leanness assessment model to evaluate the overall leanness 
level and set a leanness benchmark 
• To develop a decision support tool: a tool for selecting lean strategies and 
assessing leanness for lean practitioners to track and sustain the lean 
implementation efforts 
This research employed a deductive approach to test and validate the proposed 
mathematical models and methodologies. The research method undertaken to 
achieve the above objectives is presented in Figure 3.1 and described below. 
3.1 METHODOLOGY FOR SELECTING LEAN STRATEGY 
This section briefly describes the steps of achieving the objective of selecting 
appropriate lean strategies for manufacturing organizations within their limited 
amount of available resources. This methodology stage follows the following steps to 
fulfil this objective: 
• Mathematical model development 
• Methodology development for finding optimum solution 
o Establishing the relationship between the lean strategies and 
manufacturing wastes – Literature review. 
o Identifying the important factors that constrain the implementing lean 
strategies in a manufacturing organization – Literature review 
• Decision support tool development for sustaining implementation efforts 
 
 Chapter 3: Research Methodology 46 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Research method employed in this research 
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manufacturer needs within their resource constraints  
Developing lean tools and 
wastes correlation matrix 
 
Identifying lean implementation 
constraints 
Research 
Objectives 
 
Research 
Steps 
 
Model and 
Methodology 
Development  
Models 
Demonstration 
and Validation 
 
Research 
Questions 
 
How to select appropriate lean strategies for manufacturers’ identified 
wastes within their resources constraints? 
 
How to measure ‘how lean the system is’ and 
‘how lean it should be’? 
 
Decision support tool 
(DST) development 
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3.1.1 Mathematical model development 
This research has developed a decision function to evaluate the benefits of lean 
strategies to reduce a manufacturing waste within their resource (cost and time) 
constraints. 
In this model, the costs of lean implementation are included in the form of 
operating cost, investment cost, and variable cost. Time of lean implementation is 
included in the form of planning time for lean implementation, modification time of 
the existing process, training time required for the updated system, and validation 
time for the new production process. Finally, a decision function (perceived value 
index to cost and time index) has been developed to find optimum solution. This 
decision function is used for optimizing the selection of lean strategies within a 
manufacturer’s resource constraints. The detailed description of the model 
development is provided in Chapter 4. 
3.1.2 Methodology development for finding optimum solution 
This stage developed a systematic methodology to find the optimum solution 
i.e. to find the appropriate number of lean strategies for the identified wastes from 
the huge number of lean strategies. The detail of the developed methodology is 
provided in Chapter 4. A schematic view of the process is depicted in Figure 4.2. The 
most commonly recognized are manufacturing wastes and included in this study are 
defects, unnecessary transportation, unnecessary motion, setup time, finished goods 
inventory, inappropriate processing, failure time, WIP, raw material inventory, and 
lack of integrated approach/knowledge disconnection (Hines & Rich, 1997b; Karim, 
et al., 2010; Amin & Karim, 2012). The most commonly used lean strategies adopted 
in this study are: TQM, SMED, Total Productive Maintenance (TPM), Production 
Smoothing, JIT, 5S, Kanban, Standard Work Process, Visual Management System, 
Safety Improvement Program, Cellular Manufacturing, Information Management 
System (Abdullah, 2003; Abdulmalek & Rajgopal, 2007; Amin & Karim, 2012). In 
this step, this research developed a correlation matrix between the selected lean 
strategies and identified manufacturing wastes. The proposed methodology provided 
a step-by-step method for selecting appropriate lean strategies for manufacturers 
within their resources constraints. 
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3.2 METHODOLOGY FOR DEVELOPMENT OF FUZZY BASED 
LEANNESS ASSESSMENT MODEL 
This section briefly describes the steps of developing a leanness assessment 
model for manufacturing organization. The research methodology follows the 
following steps to fulfil this objective: 
• Developing a fuzzy based model for leanness assessment (considering 
both qualitative and quantitative factors) to assess the overall leanness 
level 
3.2.1 Fuzzy based model for leanness assessment 
This research proposes a method to convert both the qualitative and 
quantitative data into triangular fuzzy numbers and then find out the membership 
functions. The corresponding membership function value of each of the performance 
metrics is called the leanness value of that performance metric in the given situation. 
The detail of the proposed methodology for measuring leanness is provided in 
Chapter 5. 
3.3 METHODOLOGY FOR DEVELOPING DECISION SUPPORT TOOL 
Three computer programs have been developed to realize the lean strategy 
selection method and leanness assessment method. Decision support tool (DST) has 
been developed by using MATLAB and Visual Basic 8.0 as the front end and 
Microsoft Access and Excel as the back end. The Visual Basic programming 
language is used while developing decision support systems (DSSs) for its ability to 
provide user friendly screens (Chan, et al., 2000). Microsoft Access is the database 
which can be easily linked to Visual Basic. First, data is collected in a Microsoft 
Access Database and an Excel Spread sheet. These stored data are relevant to the 
selected manufacturing process for lean implementation. Another software program 
developed in this research is for the method-time measurement (MTM) analysis tool 
that provides predetermined time standard for specific assembly activities based on 
MTM standard. The developed DST has following components: 
• Database 
• Lean strategy selection module 
• Fuzzy based leanness assessment module (FB-LAM) 
• MTM module 
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• Output  
The detail of developed DST is provided in Chapter 6. 
3.4 DEMONSTRATION OF PROPOSED MODELS AND METHODS: A 
CASE STUDY APPROACH 
This research employed a case study approach to demonstrate the developed 
methodologies and models. Case study was selected because the research needed to 
test the merit and worthiness of the models and the developed decision-support tool. 
Saunders, et al., (2009) state that the ability to ground the theoretical concepts in 
reality by introducing the intersection between the theory and systems’ parameters is 
the basic advantage in applying the case study approach. It is suggested that only 
through the case study method will it be possible to examine and understand the non-
standard forms of actions and behaviours and also identify the conditions under 
which the theories are applicable (Schein, 1987). Case study research is an efficient 
method for examining the operation’s time-dependent relationships. For example, the 
link between supplier responsiveness and plant productivity or the effect of TPM on 
a system’s performance is understood by a case study. The complexity of operation 
systems and the large number of factors that impact on the outcome is another 
reasonable explanation for the usage of case-research methodology in OM research 
(Hayes & Wheelwright, 1984). Stuart, et al., (2002) stated that well-designed case 
research would quickly reveal the relationships between these factors more than any 
other form of empirical research. 
This research practically implemented the models and methodologies 
developed for selecting appropriate lean strategies and leanness assessment on a real 
manufacturing company. This provided a deeper understanding of the lean 
manufacturing constraining factors and their relationship with selecting appropriate 
lean strategies, the performance dimensions and their interrelationships with the real 
system parameters. It also illustrated how this developed methodology can make the 
decision for selecting lean strategies as well as assessing the impact of lean 
strategies. One case study was used to give more insight about the developed 
methods and case situation. Many site visits and unstructured interviews were held to 
identify system’s variables and parameters, in particular during the decision support 
tool demonstration phase.  
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3.5 DATA COLLECTIONS TECHNIQUES 
This phase of the research methodology necessitated the collection of data. 
This research used various techniques for data collection for this study. The data 
collection techniques used in this study is described below: 
Literature Review 
Burns (2000) states that literature reviews encourage the researcher not only to 
explore the existing concepts, but also to discover new ideas. Fink (2009) stated that 
the literature review is a systematic method for identifying, evaluating and 
interpreting the existing body of knowledge produced by others in some disciplines. 
The literature review provided a clear vision about the limitations of lean strategies 
selection methodologies and leanness assessment methods previously developed by 
other researchers. In addition, cost and time issues and how they are critical to 
successful implementation of lean strategies in a manufacturing organization was 
also reviewed. Moreover, different leanness assessment models were reviewed to 
measure leanness of a company, whereby different companies or a company with 
two different situations can be compared and hence lean efforts can be sustained. 
This research utilized lean strategies and a wastes correlation matrix based on the 
literature review as well as identifying the appropriate lean performance metrics from 
the literature review. 
Company Investigations 
Company investigations enabled the author to carry-out direct observation of 
the activities within the case company. This was significant to the research findings, 
since observatory exercise enabled a visual assessment of the general manufacturing 
issues at stake. The author conducted informal meetings, observations like value 
stream mapping, video recording, and database access for collecting different data 
for demonstrating the proposed models and methodologies in the selected case 
organization.  
Informal Meetings 
The main objective of conducting informal meetings was to enhance the 
employee-researcher relationship building within the organization. More often than 
not, workers, especially the shopfloor staff, would be indifferent to any foreign 
person discussing with them any work-related issues. In their minds, they seem to 
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treat such visits (research-related) as an intrusion on their normal schedules, 
something that might lead to job retrenchment. The consequence thus lies in the 
worthiness of cooperation and perhaps the subsequent answers these employees 
might give out if they felt the relationship was not favourable. Therefore, informal 
meeting played crucial roles in initiating the research scene.  
Observations and Value Stream Mapping 
On completion of the informal meetings, the author carried out a direct 
observation exercise of the selected process for lean implementation and leanness 
assessment. This author became familiar with the plant, the environment, the 
systems, and the production process and also met the employees involved in 
implementing lean. After couple of visits, this author was finally able to identify the 
links between the people, flows and processes. 
It was suggested by the top management to focus on one value stream as a 
start, and then later expand the focus to other value streams. Basically, selection of 
the value stream was based on the criticality and urgency of the issue that needed to 
be addressed. Upon the identification of the value stream, a lean team was formed 
including engineering director, engineering manager, author, production supervisor, 
and leading hand operator. The author video recorded the selected value stream so 
that the real problems could be identified more specifically. Then, it was decided to 
find out the critical wastes in the process, for selecting appropriate lean strategies. 
The performance metrics for the selected value stream were also identified for 
measuring leanness of the selected value stream. 
Unstructured Interviews 
Senior members and shop floor operators were interviewed to gather general 
information about the manufacturing process of the case organization, the challenges 
faced by the companies, important lean implementation factors, performance metrics 
for leanness measurement, lean concept and the level of lean implementation in the 
company. Criticality of the wastes, were also ranked by asking the person related 
with the process. This author also asked the management about the applicability and 
usefulness of the developed decision support tool.  
 Chapter 3: Research Methodology 52 
Archival records 
Archival records are most often revealed in the form of computer files and 
records. In this research, the quantitative and qualitative data were collected from the 
company database. These data were used for calculating different cost and time 
components of implementing lean strategies and performance metrics for measuring 
leanness of the organization. 
Time and Motion Analysis 
The main purpose of the time study is to understand work process and explore 
value-added-time against non-value-added-time from the process. A time study is a 
particular method that helps a manager to understand the operator’s entire working 
process, in order to highlight problems and imply appropriate solutions. The time 
study method consisted of the following four steps: 
• Process recording: this step recorded the operator’s work process video 
while working on one single product. A digital handy cam was used for the 
video recording purpose. Traditionally, an operator may separate the 
assembly work process into several stages and work on each of the stages 
at the same time. In this case, the project team asked the skilled operator 
only to finish one single product to help the lean implementation project 
work. The video recording has been done by the author himself. 
• Non-value-added category discussion: after the video and time recording, 
the lean team discussed the work process with the manufacturing manager, 
engineering supervisor, and skilled operator to determine the process non-
value added categories. This was a significant step which helped the 
project team to identify and specify the time consumed by each work 
process. For example, operator walk to get parts, walk to get tools and 
cleaning, are categorising as non-value-added time. 
• Break down and recording step time: after the discussion, the project 
member reviewed the recorded video and broke it into time segments that 
represented each of the details of the work process. The time range scales 
into seconds and millisecond. For example, three seconds to walk to get to 
the parts from the Kanban bin. This has been done by the author himself. 
The author also verified the segmented activities and recorded time for 
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each activity by the engineering manager to avoid the discrepancy of the 
data analysis. 
• Sketch non-value-added and value-added time spread: After estimating the 
time segments, an Excel function was developed to auto generate a bar 
chart to show and identify the total time consumed by gathered 
information. This has been done by the author himself. 
Quantitative data 
The lean strategy selection method calculates different cost and time 
components for implementing a lean strategy based on the proposed guidelines. The 
leanness assessment model utilized the historical data for measuring leanness of the 
studied system. The variables are a quantitative representation of the resources and 
efforts required to operate the manufacturing systems. For example, operation time, 
resources capacity, and manufacturing cost, and supplier responsiveness are good 
representations for the required elements of production activities and hence used as 
performance variables. On the other hand, the outcomes of the production operations 
including customer satisfaction, operations efficiency and resources are counted as 
the major output variables. 
 Qualitative data 
A linguistic variable is a variable whose values are expressed in linguistic 
terms. Since words are usually less precise than numbers, linguistic variables provide 
a method to describe complex systems that are ill-defined in traditional quantitative 
terms. This research assumed eight fuzzy linguistic terms for defining qualitative 
performance metrics data: None (N), Very Low (VL), Low (L), Medium (M), 
Medium High (MH), High (H), Very High (VH), and Perfect (P) (Herrera, et al., 
2000). 
3.6 DATA ANALYSIS TOOLS 
This phase describes the different techniques used for data analysis in this 
research. This research utilized MATLAB, Microsoft Access, Excel, and Visual 
Basic for achieving the objectives of this research. 
MATLAB: A programming code is developed in MATLAB for solving the 
decision function for selecting appropriate lean strategies for manufacturer-identified 
wastes within their resources constraints. This is also called lean strategy selection 
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module under DST. An Excel based solver is also used for finding the optimum 
solution. However, the Excel solver is not able to find a feasible optimized solution. 
MATLAB provided a better result than Excel for finding an optimum solution within 
a limited amount of calculation time. This developed MATLAB code also allowed a 
manufacturer to make decisions in their dynamic situation such as varying their 
amount of available resources as well as changing their priority of wastes reduction 
sequence. 
Microsoft Access and Excel: Microsoft Access and Excel are used as backend 
database for the decision support tool. It stored all the input and output data for the 
decision support tool. Excel is also used for developing an auto function to 
categorize the value-added and non-value-added activities. 
Visual Basic: Visual Basic is used for developing code for automating the 
calculation of different stages of lean strategy selection, leanness assessment and 
MTM analysis. It has different functionalities for creating different forms which can 
be used for user interface (UI) and showing results instantly for the decision maker. 
Decision Support Tool (DST): The developed DST has three components 1) 
lean strategy selection module 2) Fuzzy based leanness assessment model (FB-LAM) 
and 3) MTM analysis tool. The lean strategy selection module was utilized to find 
the optimum number of lean strategies and make decisions while a situation changed 
in the organization. This module is constructed on the platform of MATLAB and 
Microsoft Excel. FB-LAM module was utilized to accelerate the computation of 
leanness value as well as store the leanness value for future tracking. FB-LAM 
Solver is constructed on the platform of Microsoft Excel, Microsoft Access together 
with Visual Basic 8.0. Microsoft Excel and Access provides the spreadsheet function 
to store, handle, and analyse the different performances data. A Visual Basic 8.0 
program controls and automates the model solving process. 
The MTM module was developed by using Visual Basic 8.0 and Microsoft 
Access database to evaluate the assembly time and cost. This provided a knowledge- 
based framework to assess assembly time for particular assembly process by using 
the developed MTM tool. It describes the structure and content of the required basics 
for the implementation of the MTM analysis. 
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3.7 CHAPTER SUMMARY 
In order to answer the research questions and to fulfil the research objectives, 
this research utilized the deductive approach in order to test and validate the 
developed mathematical models and proposed methodologies. Bryman & Bell (2007) 
stated that deductive research is the most common perception of how the relationship 
between theory and empirical findings appears. Deduction means that one should 
derive the considerations and what one actually knows within the area of recognition. 
After presenting several hypothesises, it will be put through an empirical review 
(Bryman & Bell, 2007). Patel & Davidson (1994) characterized deductive work as 
the assumption of different phenomena, based on already known principles and 
existing theories, which means that objectivity of research is to be strengthened 
(Patel & Davidson, 1994; Bryman & Bell, 2007). 
This is then followed by a case study approach to apply the proposed 
methodologies and models. Case study is commonly used to augment the 
authenticity of the assessment and evaluation of qualitative research outcomes. Yin 
(2002) states that case studies as a qualitative research method have been used 
extensively by distinguished scholars of various disciplines. Other authors have 
argued that the case study method is a necessary approach especially in a research 
scenario where empirical investigation of a particular contemporary phenomenon is 
within real-life context (Gill & Johnson, 2002; Robson, 2002). In other words, case 
study method is a necessity if it is deemed that research investigation is attributed to 
some practical real-life undertaking. 
This research investigates only a case study. This is because a single case 
study, can strengthen the relevance to this research. The detailed information and 
collected data help the author to make deeper insights into studying lean thinking and 
how to implement and assess leanness into a manufacturing process. Thereby, a clear 
connection can be seen between the empirical findings, the theoretical framework 
and the purpose of this study. The integration of the qualitative and quantitative 
approaches occurred in several stages in this research; data collection, data analysis 
and results interpretation. Only value stream mapping has not been able to identify 
the wastes in the manufacturing processes since it dictates the time-based 
performance of a process. This research utilized observations of the process, informal 
meetings, unstructured interview, video recording with time-study analysis along 
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with value-stream mapping for identifying and confirming the manufacturing process 
wastes. These techniques are also employed to calculate different performance 
metrics of the selected manufacturing process. 
DST can be used by a manufacturer to find optimum lean strategies within 
their resource constraints. The outcome is to minimize the possible confusion of 
implementing various lean strategies. It can also be used by any manufacturer for 
assessing leanness and identifying their leanness benchmark. The MTM analysis tool 
can be used to simulate the operator productivity level during manual assembly and 
provide guidelines for how to reduce parts and assembly time for a particular 
product. 
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Chapter 4: Development of mathematical model for 
selecting appropriate lean 
manufacturing strategies 
Many lean tools and techniques are developed to reduce the non-value-adding 
activities and achieve the competitive advantages in a manufacturing organization. 
As discussed in Chapter 2, examples of lean manufacturing include: JIT, TQM, 
Standard Work Process, Manufacturing Cells, TPM, and 5S. Examples of wastes 
(non-value-adding activities) include: overproduction, waiting, transport, 
inappropriate processing, unnecessary inventory, unneeded motion, and defects 
etcetera. Implementation of right lean tools and techniques help an organization to 
reduce wastes and become efficient. However, incorrect application of lean strategies 
results in inefficiencies of an organization’s processes and reduced employee 
confidence in lean strategies. Moreover, it is often not easy to select a proper lean 
strategy to address a company’s problems within their limited amount of available 
resources (Wan & Chen, 2008). Therefore, the current interest of research is about 
the prudent adoption of the appropriate lean strategies from the huge number of lean 
strategies according to manufacturers’ needs within their resource constraints. 
This chapter begins with describing the impact of lean implementation (section 
4.1); then this chapter presents the developed mathematical models (section 4.2) and 
methodology for finding optimum number of lean strategies (section 4.3). These 
developed mathematical models and methodology are utilized to select appropriate 
lean strategies for manufacturers’ within their resource constraints. An industrial case 
study that utilizes developed models and methodology for selecting and 
implementing appropriate lean strategies is also presented in this chapter. Successful 
application of the method in the case industry and sensitivity analysis validates the 
method proposed. 
4.1 IMPACT OF LEAN IMPLEMENTATION 
Lean Manufacturing is designed to minimize the amount of time and resources 
used in the manufacturing processes and other activities of an enterprise, with an 
emphasis on eliminating all forms of wastage. Although lean manufacturing 
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strategies are becoming popular as techniques for waste reduction and efficiency 
improvement, manufacturers are concerned about the required cost and time of its 
implementation. Most of the industries are concerned that implementing lean 
manufacturing is costly and time consuming (Papadopoulou & Ozbayrak, 2005b; 
Achanga, et al., 2006; Browning & Heath, 2009). The majority of the researchers 
acknowledged that the transformation process to a lean production system requires a 
lot of effort, participation of all levels in the hierarchy, introduction of new principles 
not only in the shop-floor level but also in the company culture and organizational 
structure. The reality is that lean manufacturing often brings one or more undesired 
situations including; need to commit extra implementation cost and time, investment 
in manufacturing and assembly facilities, changed maintenance and extra part 
management, and sometimes increased quality risk. Therefore, it is important to 
make effective decision during selection and implementation of any improvement 
project including lean manufacturing. Otherwise, because of the selection of wrong 
tools, changes brought about by new productivity initiatives like lean manufacturing 
may cause disruptions in the very process it’s meant to improve. 
 
 
 
 
Figure 4.1: Lean Implementation Efforts and Change in Process and Perceived Value 
Figure 4.1 shows the impact of lean implementation efforts and change in 
process. It indicates that manufacturers can choose change of process between the 
two extremes point for any project or process improvement. At one extreme,  they do 
not make any change, whereas on the other extreme, they can completely change the 
process. However, both these choices are not practical due to resource constraints. If 
they pick one extreme, that means they do not  make any change in the process and 
therefore they would no longer be able to make any improvement. On the other hand, 
if they pick the other extreme and completely change the process, development time 
and cost will be too high. Therefore, manufactures need to select a suitable and most 
effective point on the change scale for any improvement (Figure 4.1). This point can 
be selected based on certain factors like internal constraints and efficient decision 
making in the product manufacturing and production planning. 
No Change Complete Change 
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The aim of manufacturer is to maximize the perceived value of the change by 
bringing the physical change in the process by employing minimum cost and time for 
making those changes. In this study, the focus was not on external factors. The main 
focus is on facilitating the decision making process for efficient manufacturing 
process within the internal constraints such as development and investment budget 
and time. Objective is to maximize the effect of changes in terms of manufacturers’ 
perceived value within the given internal constraints. Desired perceived values are 
the manufacturers’ perceptions of what they want to achieve from a process with the 
help of a lean strategies implementation and thus accomplish a desired purpose or 
goal like reduction or elimination of a waste. Lean strategy selection problems can be 
understood by an example: 
Consider, a manufacturing organization is considering the implementation of 
lean strategies. There is n number of lean strategies available to achieve 
manufacturer’s intended goal. Each lean strategy can have different sub goals, budget 
and resource requirements. At the same time, the manufacturer has their own targets 
(reduction of different wastes or inefficiencies from the processes) as well as 
resources constraints (such as limited budget, limited time or human resources or 
complex manufacturing process for implementing a strategy).  In order to achieve 
their goals, manufacturer must choose a group of strategies within their limited 
amount of available resources. In this context, manufacturer goals translate into 
enhancing performance, productivity and profitability by reducing different types of 
identified wastes. 
In the next section, mathematical models have been developed to support the 
decision making in lean strategy selection while maximizing the value of reduction 
of manufacturing wastes within the resources constraints. A methodology is also 
proposed for finding optimum solution. 
4.2 MATHEMATICAL MODEL FOR ESTIMATING PERCEIVED VALUE, 
LEAN IMPLEMENTING COST AND TIME 
This research develops a perceived value index to evaluate the benefits of lean 
strategies to reduce a manufacturing waste. Perceived value means the 
manufacturers’ perception of reducing a manufacturing waste. In this research, 
manufacturer perception is quantified by giving a relative importance value to their 
goal. The increase of importance of reduction of any waste for a manufacturer is 
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considered as the increase in perceived value index. This research also develops cost 
and time index to estimate the required cost and time to implement a lean strategy. In 
this model, the cost indexes of lean implementation are included in the form of 
operating cost, investment cost, and variable cost. Time index of lean 
implementation is included in the form of planning time for lean implementation, 
modification time of the exiting process, training time required for the operators and 
management personnel about lean strategies, and validation time for the new or lean 
production process. These above mentioned factors are considered as important input 
for any project completion including lean manufacturing implementation. Finally, a 
decision function (perceived value index to cost and time index) has been developed 
to find optimum solution.  
4.2.1 Value index of lean implementation 
The objective of implementing a lean strategy in a manufacturing process is to 
reduce waste and increase productivity with minimum cost and time. When a change 
in a system does not contribute to one of the objectives, then it is considered a non-
value added attempt. Therefore, these changes should not be pursued further. This 
research considers the following two sub-objectives to accomplish the above 
objectives; 
• Maximize the perceived value of reducing a manufacturing waste by 
implementing lean strategies. 
• Minimize the implementation cost and time. 
It is necessary to identify the lean strategies that give maximum perceived 
value to reducing a manufacturing waste at a minimum implementation cost and 
time. It is assumed that a lean strategy is implemented to bring leanness to the 
existing process or to reduce manufacturing cost and time. 
If iL  is the representation of i
th lean strategy to be implemented and perceived 
value increase by implementing iL is i1δ  
According to Gautam & Singh (2008), an increase in the perceived value index 
by implementing n lean strategies can be expressed as; 
 ∑n i iL1 1δ       (4.1) 
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If two strategies have some inter-dependency and each strategy has an 
influence on others, then the extra change in perceived contribution value can be 
expressed as; 
 ∑ ∑n n ijji LL1 1 2δ      (4.2) 
In Equations (4.1) and (4.2), if a lean strategy is selected for implementation 
and is 1 (i.e. 1=iL ) and 0 (i.e. 0=iL ) if it is not selected for implementation. 
Therefore, implementation of the ith lean strategy contributes 
i1
δ towards a 
manufacturer perceived value. Similarly, if ith and jth strategies are coupled in such a 
way that implementation of ith strategy forces a change in jth strategy, then the 
resulting contribution towards the manufacturing perceived value due to jL is ij2δ . 
Therefore, total change in the perceived value index is the summation of 
perceived value without implementing a lean strategy, perceived value due to 
implementing a lean strategy and perceived value of forced changes due to lean 
implementation 
 ∑ ∑∑ ++= n n ijjin i LLL ii 1 1 21 10 δδδ      (4.3) 
Where, 
i0
δ is the perceived value without lean implementation 
This research defines 
i1
δ as the perceived value index for the lean strategies for 
satisfying sub-goal iW  (e.g. reduction of one of the manufacturing wastes) which is 
determined by the management or relevant people in an organization. iW  is the 
representation of ith manufacturing waste. 
Bachamada (1999) stated that any new project involves some level of risk and 
uncertainty and that a lean project may be considered a high risk but also may 
provide a high return on investment. This research assumes that the forced changes 
are most often negative due to increased cost, time and quality risk. For example, 
assume, JIT and TPM are two interrelated lean strategies, the implementation of 
these two strategies together therefore requires a balanced relationship during 
implementation. Implementing JIT and TPM together without considering the 
positive and negative impact on each other may sometimes cause an  adverse impact 
on the overall system performance in terms of  increased implementation cost or time 
or quality risk of the manufacturing process.   
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4.2.2 Cost and time index for lean implementation 
In this model, the costs of lean implementation are included in the form of 
operating cost, investment cost, and variable cost. Time of lean implementation is 
included in the form of planning time for lean implementation, modification time of 
the exiting process, training time required for the updated system, and validation 
time for the new production process. 
Finally, this model provides the maximized perceived value of reducing a 
manufacturing waste within the given cost and time constraints by using optimization 
technique. 
Operating cost index 
Operating costs of implementing a lean strategy consists of equipment handling 
cost, maintenance cost (preventive maintenance, cost of unscheduled repairs, 
required parts and accessories), utilities cost, and labour cost. The total operating cost 
of a lean strategy implementation depends on the complexity of the existing 
manufacturing operations and the level of lean strategy implementation. 
If iL  is the representation of i
th lean strategy for reducing a particular 
manufacturing waste and 
iP
C
1
 is the required operating cost of this lean tool 
implementation; then the operating cost of lean strategy implementation in the 
existing system can be expressed as: 
 ∑n Pi iCL1 1              (4.4) 
If one lean strategy implementation causes forced changes to the others then 
the amount of extra cost incurred can be expressed as; 
 ∑ ∑n n Oji ijCLL1 1 2         (4.5) 
When ith and jth strategies are coupled in such a way that implementation of ith 
strategy forces a change in jth strategy, the resulting extra cost is 
ijO
C
2
and this is the 
operating cost due to the impact of jL . 
Therefore, the total operating cost of the manufacturing process can be 
calculated as summation of operating cost without lean implementation, operating 
cost due to lean implementation and operating cost of forced changes due to lean 
implementation. 
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 ∑ ∑∑ ++= n n Ojin OiO ijii CLLCLC 1 11 210      (4.6) 
Subject to iL  and jL  = 1 or 0 (integer, strategy implemented or not). 
The objective of this analysis is to maximize the perceived value within limited 
amount of cost. 
Investment cost index 
Reliable manufacturing equipment is a basic requirement for successful lean 
implementation (Bachamada, 1999). Investment costs include capital cost, cost of 
tools, cost of accessories, and cost of fixtures to implement a lean strategy 
(Eswaramoorthi et al., 2010). Investment in cost of change depends on the 
complexity of the modification required in the existing manufacturing process to 
implement a lean strategy and the level of lean strategy implementation. 
If iL  is the representation of i
th lean strategy for reducing a manufacturing 
waste and 
iI
C
1
is the investment cost required for implementing the ith strategy; then 
the investment cost of the intended change of the existing system can be expressed 
as; 
 ∑n Ii iCL1 1     (4.7) 
Therefore, the total investment cost to a production process can be calculated 
as the summation of the cost of investment without lean implementation, cost of 
investment due to lean implementation, and cost of unexpected change due to lean 
implementation. 
 ∑ ∑∑ ++= n n Ijin IiI ijii CLLCLC 1 11 210     (4.8) 
where 
ijI
C
2
is the investment cost due to forced changes in jL  
When ith and jth strategies are coupled in such a way that implementation of ith 
strategy forces a change in jth strategy, resulting in extra investment cost as 
ijI
C
2
 and 
this is due to the impact of jL  
Variable cost index 
Variable expenses are those costs which vary proportionally with the volume 
of units produced. Variable costs are a direct function of production volume, rising 
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whenever production expands and falls during its contracts. Examples of common 
variable costs include: raw materials, packaging, and labour directly involved in a 
company's manufacturing process. This research considers that the variable cost of 
lean implementation depends on the level of complexity of the manufacturing 
operations, level of change required to the existing system, level of lean strategy 
implementation, and the volume of production. When 
iv
V
1
is variable cost, )(iv is 
production volume, and iL  is the representation of i
th lean strategy, then change in 
variable cost index can be calculated as; 
 ∑n vi iVLiv1 1)(     (4.9) 
Total variable cost index of a production process can be calculated as;  
 ∑ ∑∑ ++= n n vjin viv ijii VLLjvVLivV 1 11 210 )()(     (4.10) 
where 
ijv
V
2
is the variable cost due to forced changes in . 
When ith and jth strategies are coupled in such a way that implementation of ith 
strategy forces a change in jth strategy, resulting in an extra variable cost 
ijv
V
2
towards 
the total variable cost due to the impact of jL . 
Planning time index 
Implementation of lean techniques or strategies in the existing system requires 
planning from the top management before implementation. Several planning 
activities are required to put in practice a new improvement strategy such as planning 
for development of functional requirements, facilities development, planning for 
implementation process and procedures. Therefore, extra planning time is necessary 
to accomplish a lean project. Planning consists of preparation and design stage of 
lean implementation (Anvari, et al., 2011). Preparation is the first stage of any lean 
implementation project. In this stage, manufacturers establish the foundation of lean 
implementation, set the lean goal and build the implementation team (Allen, et al., 
2001a). The common steps of preparation includes: gap assessment, understanding 
waste, establishing the objectives, getting the organizational structure right, finding a 
change agent, creating an implementation team, suppliers and customers involved, 
recognizing the need for change. The design stage of lean implementation project 
analysis the current state and planning of the implementation projects take place. The 
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design stage includes: mapping the value streams; analysing the business for 
improvement opportunities; planning the changes; identifying indicators to measure 
performance; creating a feedback mechanism. 
If iL  is the representation of i
th lean strategy for reducing a certain 
manufacturing waste and 
iP
T
1
is the required planning time for this lean strategy 
implementation; then the total planning time required for implementing n strategies 
and upgrading the existing manufacturing system; 
 ∑n Pi iTL1 1      (4.11) 
If one lean strategy implementation forces changes to the others, then extra 
planning time is required to take appropriate measure for the forced changes and can 
be expressed as; 
 ∑ ∑n n Pji ijTLL1 1 2       (4.12) 
If ith and jth strategies are closely linked strategies, therefore the 
implementation of ith strategy forces a change in jth strategy, which results in extra 
amount of planning time denoted by
ijP
T
2
. The extra amount of planning time is the 
result of the impact of lean strategy, jL  
Therefore, total planning time for a production process can be expressed as the 
summation of planning time required for an existing manufacturing process without 
lean implementation, planning time required for a manufacturing process due to lean 
implementation, and planning time required for unexpected change due to 
implementing a lean strategy, jL  
 ∑ ∑∑ ++= n n Pjin PiP ijii TLLTLT 1 11 210     (4.13) 
where 
iP
T
0
is the planning time required for a production process without 
implementing any lean strategy 
Training time index 
Training is an important issue for the successful implementation of a lean 
strategy (Wan & Chen, 2009; Anvari, et al., 2010). Wan & Chen (2009) state that a 
high level of knowledge and useful experience is needed to identify the appropriate 
lean tools. Managers and practitioners should learn how to get started, where to start 
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and how to proceed, in addition to knowing the available tools. Replication of lean 
strategies from others is not a practical way of developing a lean manufacturing 
system. In most cases, copying lean strategies from others lead to failure and 
unsatisfactory results because that lean strategy is not applicable to that specific 
manufacturing process. Therefore, proper knowledge about lean strategy is a very 
important part of successful implementation of lean strategies in any organization 
(Allen, et al., 2001a). Several authors emphasize training of people and standardizing 
work before implementing lean strategies (Huang, 2009; Anvari, et al., 2011). 
Therefore, time is required for training personnel about a specific lean strategy, its 
relation to specific waste reduction, its implementation process, its maintenance 
process, and its operation. 
If  iL  is the representation of i
th lean strategy for the improvement of any 
particular manufacturing waste and 
iT
T
1
 is the required training time to teach 
operators about this particular lean strategy; then the total training time required for 
operator to implement a lean strategy can be expressed as; 
 ∑n Ti iTL1 1      (4.14) 
If one lean strategy implementation  forces changes to other tools or part of the 
existing manufacturing process, then the amount of time needed to train operators to 
fix the unexpected situation can be expressed as; 
 ∑ ∑n n Tji ijTLL1 1 2       (4.15) 
When ith and jth strategies are coupled in such a way that implementation of ith 
strategy forces a change in jth strategy and these forced changes result in extra 
training time
ijT
T
2
. The extra training time is the impact of lean strategy jL . 
Therefore, total training time to improve a production process can be expressed 
as the summation of training time required for existing manufacturing process 
without implementing a lean strategy, training time required for manufacturing 
process due to lean implementation, and training time required for handling an 
unexpected situation due to lean implementation 
 ∑ ∑∑ ++= n n Tjin TiT ijii TLLTLT 1 11 210       (4.16) 
 Chapter 4: Development of mathematical model for selecting appropriate lean manufacturing strategies 67 
Modification time index 
Modification time is the time required to modify the existing system to 
implement the selected lean strategies. The majority of the lean researchers 
acknowledged that the transformation process to a lean production system requires a 
lot of effort not only in the shop-floor level but also in the company culture and 
organizational structure. 
If iL  is the representation of i
th lean strategy for the improvement of a certain 
manufacturing waste and  
iM
T
1
is the required modification time for this lean strategy 
implementation; then the total time required to modify the existing system due to the 
implementation of n strategies is; 
 ∑n Mi iTL1 1       (4.17) 
If one lean strategy implementation forces changes to the others then the extra 
time needed can be expressed as; 
 ∑ ∑n n Mji ijTLL1 1 2     (4.18) 
If ith and jth strategies are closely linked strategies and the implementation of ith 
strategy forces a change in jth strategy, the result is extra modification time denoted 
by 
ijM
T
2
. The extra modification time is the result of the impact of lean strategy jL . 
Therefore, total modification time to improve a production process can be 
expressed as the addition of modification time required for a normal production 
process, extra modification time required due to lean implementation, and 
modification time required for unexpected change due to lean implementation; 
 ∑ ∑∑ ++= n n Mjin MiM ijii TLLTLT 1 11 210       (4.19) 
where 
jM
T
0
is the modification time required for a manufacturing process 
without implementing any lean strategy 
Validation time index 
After implementing any lean strategy, the process needs to be validated before 
going to final production to reduce the risk of increased waste and reduced cost 
(Miller et al., 2010). It is also required to provide evidence that equipment, items or 
systems have a direct, indirect or no impact on the product quality due to change in 
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the existing system for lean implementation. Moreover, validation proofs that 
systems are effective and comply with regulatory requirements. Therefore, it needs 
extra time to validate the process during lean implementation which affects the total 
manufacturing lead time. Total validation time can be expressed similarly as 
planning, modification and training time. Therefore, the total validation time can be 
expressed as; 
 ∑ ∑∑ ++= n n Vjin ViV ijii TLLTLT 1 11 210        (4.20) 
where 
iV
T
0
= Validation time required for a manufacturing process without lean 
implementation 
iV
T
1
= Validation time required for a manufacturing process due to lean 
implementation 
ijV
T
2
= Validation time required for handling unexpected situation due to lean 
implementation 
4.2.3 Decision function 
The objective of this study is to maximize the manufacturer perceived value of 
reducing the identified manufacturing wastes by implementing appropriate lean 
strategies within their limited cost and time. Mathematically, it can be expressed as;  Perceived value from lean implementation ∑ ∑ ∑++= n n n ijjii LLL ii 1 1 1 210 δδδ (4.21) 
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The overall decision function for three different scenarios can be expressed 
follows: 
Case A 
Change in perceived value of reducing a manufacturing waste per unit cost can 
be expressed as; 
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In the above equation, Cf  is the function of cost index to perceived value 
index. The objective of this analysis is to maximize the perceived value of reducing a 
manufacturing waste within the limited cost. 
Case B 
Change in perceived value of reducing a manufacturing waste per unit of time 
can be expressed as; 
( ) ( )
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In the above equation, Tf is the function of time index to perceived value 
index. The objective of this analysis is to maximize the perceived value of reducing a 
manufacturing waste within the limited time. 
Case C 
Change in perceived value of reducing a manufacturing waste per unit cost and 
time can be expressed as; 
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In the above equation, ƒ is the function of cost and time index to perceived 
value index. The objective of this analysis is to maximize the perceived value of 
reduction of identified wastes within the available budget and allocated time. 
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4.2.4 Constraints 
No manufacturing organization has unlimited resources and budget to 
implement a new technique. Therefore, any new development program has targets 
and resource constraints and the major cost and time based constraints are considered 
in this analysis: 
Operating cost: 
 cn n Ojin OiO OCCLLCLC ijii ≤++ ∑ ∑∑ 1 11 210     (4.27) 
Investment cost: 
 cn n Ijin IiI ICCLLCLC ijii ≤++ ∑ ∑∑ 1 11 210      (4.28) 
Variable cost: 
 cn n vjin viv VCVLLjvVLivV ijii ≤++ ∑ ∑∑ 1 11 210 )()(     (4.29) 
Total Implementation Cost:  cc TTP ≤        (4.30) 
Planning Time: 
 ∑ ∑∑ ≤++ n pn Pjin PiP TTTLLTLT ijii 1 11 210            (4.31) 
Training Time: 
 cn n Tjin TiT TTTLLTLT jii ≤++ ∑ ∑∑ 1 11 210      (4.32) 
Modification Time: 
 cn n Mjin MiM MTTLLTLT jii ≤++ ∑ ∑∑ 1 11 210    (4.33) 
Validation Time: 
 cn n Vjin ViV VTTLLTLT ijii ≤++ ∑ ∑∑ 1 11 210     (4.34) 
Total Implementation Time:  cT TPTP ≤      (4.35) 
The right hand side of the Equations (4.27) to (4.35) describe the cost and time 
constraints given by a manufacturer to implement (a) lean strategies. The next 
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section will describe a systematic methodology for selecting optimum lean strategies 
using these decision functions. 
4.3 METHODOLOGY FOR SELECTING OPTIMUM LEAN STRATEGIES 
This section describes a systematic methodology for selecting optimum lean 
strategies using the mathematical models developed in the previous section. A 
schematic view of the process is depicted in Figure 4.2. The steps in the proposed 
method is described below. 
4.3.1 Identify the wastes and determine manufacturer’s relative importance 
value  
Manufacturing process activities are classified into three categories, namely 
Value-added activities (VA), Non-Value-added (NVA) activities, Necessary but non-
value-added (NNVA) activities (Hines & Rich, 1997). The definition of these three 
activities is provided in Chapter 2. The most commonly recognized manufacturing 
wastes considered in this research are defects, unnecessary transportation, 
unnecessary motion, setup time, finished goods inventory, inappropriate processing, 
failure time, WIP, raw material inventory, and lack of integrated 
approach/knowledge disconnection (Amin & Karim, 2012). Value Stream Mapping 
(VSM) and video recording of the process, observation of the process are used to 
help the managers to understand entire work processes, identify wastes, highlight 
problems and imply appropriate solutions. The relative importance of each waste 
needs to be given by the manufacture following the guidelines provided in Appendix 
A (Table A.1). 
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Figure 4.2: A Structured Methodology for Selecting appropriate Lean Strategies within Manufacturer Resource Constraints 
MT<=MTc 
Calculate training time index  (TTI) (Equation 4.16)  
Calculate Modification time index  (MTI) (Equation 4.19) 
Develop a correlation matrix for identified wastes and associated lean strategies (Table 4.1) 
Select a set of identified wastes and associated lean strategies and calculate cost & time for implementation 
using developed mathematical models 
Indentify manufacturing wastes and associated lean strategies and provide perceived value to wastes 
Calculate validation time index (VTI) 
(Equation 4.20) 
Calculate planning time index (PTI)  (Equation 4.13) 
Suggested lean strategies 
 
Optimise the selection of lean strategies for maximum perceived effectiveness value of 
reduction of manufacturing wastes 
 
Calculate operating cost index (OCI) (Equation 4.6) 
Calculate investment cost index (ICI) (Equation 4.8) 
Calculate variable cost index (VCI)  (Equation 4.10) 
OC<=OCc 
    IC<=ICc 
VC<=VCc 
PT<=PTc 
TT<=TTc 
VT<=VTc 
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N 
N 
N 
N 
N 
N 
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Y 
Y 
Y 
N 
Y 
Y 
Y 
N 
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4.3.2 Identify the lean strategies related to the manufacturing wastes 
Various lean strategies have been developed to reduce the non-value adding 
activities and enhance leanness of manufacturing systems. However, the selection of 
lean strategies should be in such a way that implementing lean strategies should not 
increase other non-value adding activities in the manufacturing process. Therefore, 
appropriate lean strategies must be selected to eliminate wastes or improve the 
performance metrics in the manufacturing process within their limited 
implementation time. Moreover, it would be preferable to select the lean strategies 
that have the most overall impact on the identified wastes or performance measures. 
As a result, different companies implement different strategies to become lean. This 
research identified important lean strategies along with their impact on different 
manufacturing wastes from an extensive literature review. The most commonly used 
lean tools adopted in this thesis are: TQM, SMED, TPM, Production Smoothing, JIT, 
5S, Kanban, Standard Work Process, Visual Control, Safety Improvement Program, 
Cellular Manufacturing, and Information Management System. The descriptions of 
selected lean tools are provided in Chapter 2. 
4.3.3 Establishing relationships between lean tools and wastes 
In this step, this research established a correlation matrix between the selected 
lean strategies and identified manufacturing wastes. This correlation matrix is used 
as initial decision support methodology. Relationships between the lean strategies 
and wastes are mapped based on extensive literature review. Three levels of 
correlations have been defined according to Hines & Rich (1997), namely: high 
correlation (rank 3), medium correlation (rank 2), and low correlation (rank 1). In the 
correlation matrix, the lean strategies which almost always have an impact on a 
particular waste were ranked 3. Strategies which often and sometimes have an impact 
on a particular waste were ranked 2 and ranked 1 respectively. Tools with very low, 
zero or potentially negative direct impact on wastes are not mapped, i.e., the implied 
mapping rank is 0. The relationships between the lean strategies and manufacturing 
wastes are shown in Table 4.1 below. The ranking was assigned by the researcher 
based on literature review and direct opinion from manufacturers.  
Details of these wastes and explanation of the rankings are given below. 
Unneeded motion adds extra time to a process but adds no value to the product. More 
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specifically, it is the non-value adding motion created by the workers in the 
manufacturing workplace, which potentially affects manufacturing process efficiency 
(Hines and Rich, 1997). 5S principles help to organize the manufacturing unit in 
order to easily find the product/components in the right place. Therefore, by 
employing 5S strategy in an organization or production process, it decrease the time 
required to find objects. 
Table 4.1: Correlation between Lean Strategies and Manufacturing Wastes 
Participating Lean Strategies 
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5S 3 2 0 0 0 0 1 0 0 0 
Total Productive Maintenance (TPM) 0 1 2 0 0 0 3 0 0 0 
Just-In-Time (JIT) 0 0 1 0 3 0 0 3 3 0 
Total Quality Management (TQM) 0 0 3 0 0 1 0 0 0 0 
Pull/Kanban System 0 0 1 0 3 0 0 3 3 0 
Production Smoothing 0 0 1 0 3 0 0 2 2 0 
Standard Work Process 2 2 1 1 0 3 2 0 0 0 
Visual Management System (VMS) 2 0 0 0 0 0 0 0 0 0 
Cellular Manufacturing 3 1 1 3 0 0 0 3 0 0 
Single Minute Exchange of Dies (SMED) 0 3 0 0 0 0 0 0 0 0 
Safety-improvement programs (SIP) 0 0 0 0 0 0 3 0 0 0 
Information Management System (IMS) 0 0 0 0 0 0 0 2 2 3 
 
Thus, 5S has high correlation with unneeded motion and therefore provided 
rank 3. Visual Control also helps to understand the shop floor activities by enabling 
visibility and indicating safety lines, which may often reduce the unneeded motion 
(Saurin et al., 2010). Therefore, Visual Control has medium correlation with the 
unneeded motion (rank 2). Standard Work Process can help employees to follow a 
standard procedure to control the process which often reduces the unneeded motion. 
Thus, Standard Work has medium correlation with unneeded motion with rank 2. By 
implementing Cellular Manufacturing, it is expected that the manufacturing layout 
will be streamlined which makes it easier for the employees to move from one 
station to another (Suzaki, 1985; Bn, 2008). 
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Setup time is the amount of time spent to start a manufacturing process to 
produce a product. It includes time for processing like loading the raw materials, 
waiting for the raw materials, waiting time due to unavailability of the machines 
(Hines & Rich, 1997b). TPM is considered as an initiative for optimizing the 
reliability and effectiveness of manufacturing equipment (Smith & Hawkins, 2004). 
According to Smith & Hawkins (2004), TPM improves the productivity, equipment 
availability, quality, and safety through the regular maintenance of manufacturing 
systems. Because of the proper maintenance of machines, TPM may have some 
influence on setup time. However, the relationship is not considered significant. 
Therefore, TPM has a low correlation with setup time (rank 1). 
5S principles are used to streamline a production process so that the tools 
required during starting a machine will be in order and easier to find. As a result, 5S 
usually has a sound correlation with Setup time reduction (rank 2). SMED is a lean 
strategy that analyses the setup activities and helps to redesign the process steps, 
tooling and equipment, to eliminate or minimize waiting time associated with setups. 
The main objective of SMED is to reduce the changeover/setup time. Therefore, 
SMED is given rank 3 for changeover time or setup time reduction. The variability in 
the manufacturing process is reduced by a lean strategy i.e., Standard Work Process. 
Standard processes can often reduce the setup time to start a process to manufacture 
a product. Therefore, Standard Work Process is provided rank 2 with respect to setup 
time reduction. The number of setups in a manufacturing process can sometimes be 
reduced by implementing Cellular Manufacturing (Heragu, 1994) and therefore 
provided rank 1 with respect to Setup Time reduction. 
Defects are the unexpected characteristics of the product which the customer 
does not want to pay for (Hines and Rich, 1997). Defects are usually happen because 
of any failed in the manufacturing system. TPM is one of the lean tools which affect 
the machine failure and therefore it may sometimes have impact on defects. 
Therefore TPM has a low correlation with defects reduction with rank 1. Defects can 
also be occurred due to the expiration of the product in the inventory. Therefore, JIT, 
Kanban and production smoothing may have low correlation to defects with rank 1. 
TQM is defined as a lean tool focused on improving the quality of a product by 
continuous improvement in the manufacturing process through effective feedback 
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(Reid, 2006). Therefore, TQM focuses on quality improvements and may have a high 
correlation with defects with rank 3. 
Transport waste can be defined as the movement of materials or people around 
a plant that does not add value to the product (Raja, 2011). It occurs due to the 
transportation from one workstation to another, which may also cause damage to the 
product or delay of products to the destination (Hines & Rich, 1997a). Cellular 
Manufacturing is an “approach to organizing the physical configuration of a facility 
based on the sequence of steps required to build a particular product” (Hill, 2011). 
By applying Cellular Manufacturing, every workstation will be placed side by side in 
a u-shape, which aims to reduce the transportation waste. Suzaki (1985) states that 
cellular manufacturing helps to eliminate the waste resulting from transportation and 
unnecessary motion of men, machinery and material. Therefore, cellular 
manufacturing has high correlation with the transport waste with rank 3. However, 
Standard Work has a low correlation with transport waste with rank 1, since Standard 
Work may only sometimes identifies opportunities to decrease transportation. 
Finished goods inventory is defined as products which are stored for a long 
period of time after the final stage of the manufacturing process for a longer period 
of time (Hines & Rich, 1997a). Kanban is a signalling card which determines the 
number of units of a product to be produced. Kanban signals the starting of the 
production process. The main objective of Kanban cards is to reduce inventory at the 
targeted stage of the manufacturing process, thus Kanban has high correlation with 
the finished goods inventory with rank 3. JIT is a method which can greatly shorten 
the production lead time by having all processes produce the necessary parts at the 
necessary time and keeping the minimum stock necessary. Therefore, a primary 
focus of JIT is inventory reduction and JIT has high correlation with the finished 
goods inventory (rank 3). Ohno (1988) states that Production Smoothing is a process 
of keeping production level as constant as possible from day to day. A primary goal 
of Production Smoothing is to reduce finished goods inventory levels. Therefore, 
Production Smoothing has high correlation with the finished goods inventory (rank 
3). 
Inappropriate processing is defined as an effort that does not add any value to 
the product (Raja, 2011). Hines and Rich (1997) defined it as a set of complex 
procedures conducted even if there are simple procedures available. Key principles 
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of TQM are: the customer defines the quality, customer satisfaction is a top priority, 
quality is the responsibility of every employee at every level of organization, and 
quality problems are solved through cooperation among employees and management 
(Reid, 2006). Employees working daily in the process may sometimes identify 
Inappropriate processing steps as part of TQM participation, thus TQM has low 
correlation with Inappropriate processing (rank 1). Standard Work Process adds more 
value to the process and follows standard rules every time. Once the simple 
procedures available are standardized by the decision manager/makers there will be 
no scope of using complex procedures. Therefore, Standard Work Process often 
reduces inappropriate processing and has medium correlation with inappropriate 
processing (rank 2). 
Failure time occurs during the manufacturing system breakdown (Hines and 
Rich, 1997). TPM is a method to achieve maximum equipment effectiveness. It 
increases the manufacturing system availability time by a regular maintenance 
program and is focused on reducing failures. Therefore, TPM has high correlation 
with the failure time with rank 3. 5S principles help to make the manufacturing area 
neat and clean. This discloses machine problems more visible to the operators. 
Therefore, 5S may sometimes reduce machine failures and has a low correlation with 
failure time (rank 1). Standard procedures also reduce the chance of failure and 
Standard Work has medium correlation with failure time with rank 2. 
Raw Material Inventory is defined as the storing cost of the raw materials to 
manufacture the product (Hines and Rich, 1997). Kanban has high correlation with 
the raw material inventory (rank 3). JIT also focuses on reducing raw material 
inventory. Therefore, JIT has high correlation with raw material inventory with 
ranked 3. Production Smoothing is also used to keep the production rate constant 
hence it is likely that the raw materials inventory levels for specific products can 
often be reduced. Thus, Production Smoothing has medium correlation with raw 
material inventory (rank 2). 
WIP inventory is the cost to store the products which requires further 
processing (Hines and Rich, 1997). Kanban, JIT and Cellular Manufacturing focus 
on reducing inventory, including WIP and thus have a high correlation with WIP 
with rank 3. Moreover, Production Smoothing also helps to reduce WIP and 
therefore has a medium correlation with WIP and therefore ranked 2. Similarly, 
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safety improvement program has high correlation with failure time which ranked 3. 
Information management system has high correlation with knowledge disconnection 
since through integrated information can enhance the collaboration among the 
departments and ranked 3 (Mejabi, 2003). 
To select most appropriate lean strategies to address the identified wastes, we 
redefined and simplified the relationship presented in Table 4.1. In this case, a ‘lean 
strategies – wastes’ correlation matrix has been redeveloped for identifying the most 
appropriate lean strategies that are closely related to the manufacturing wastes. 
Relationships between lean strategies and wastes are presented in Table 4.2.  
Table 4.2: Lean Strategies relative Impact on Manufacturing Wastes 
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Relative Importance by Manufacturer-->            
Implement  lean initiatives if is 
selected -> 
 
1W
 2
W  3W  4W  5
W
 
6W
 
7W
 
8W
 9
W  10W
 
Waste  selected for improvement if 1, 0 if 
not selected 
 1 1 1 1 1 1 1 1 1 1 
5S  1 0 0 0 0 0 0 0 0 0 
Total Productive Maintenance (TPM)  0 0 0 0 0 0 1 0 0 0 
Just-in-Time (JIT)  0 0 0 0 1 0 0 1 1 0 
Total Quality Management (TQM)  0 0 1 0 0 0 0 0 0 0 
Pull/Kanban System  0 0 0 0 1 0 0 1 1 0 
Production Smoothing  0 0 0 0 1 0 0 0 0 0 
Standard Work Process  0 0 0 0 0 1 0 0 0 0 
Visual Management System (VMS)  1 0 0 0 0 0 0 0 0 0 
Cellular Manufacturing  1 0 0 1 0 0 0 1 0 0 
Single Minute Exchange of Dies (SMED)  0 1 0 0 0 0 0 0 0 0 
Safety-improvement programs (SIP)  0 0 0 0 0 0 1 0 0 0 
Information Management System (IMS)  0 0 0 0 0 0 0 0 0 1 
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Here, a binary relationship between the lean strategies and wastes has been 
established. If a lean strategy has the maximum impact on an identified waste, then 
weight given is 1 and otherwise weight is 0. Each row of this matrix represents a lean 
strategy iL  and each column of this matrix represents a manufacturing wastes, iW . 
The proposed relationships among the lean strategies and manufacturing wastes are 
provided in Table 4.2. 
4.3.4 Calculate perceived value index of reducing a manufacturing waste 
As stated above, ten types of major wastes are considered in this study. It is 
very difficult to predict exactly how many and how much of these wastes will be 
reduced due to implementation of a lean strategy. This step provides relative 
importance to a waste listed in Table 4.2. In Table 4.2 (2nd row), the relative 
importance of each waste needs to be given based on manufacturers’ criticality 
analysis of these wastes. The procedure of criticality analysis of a waste and 
guidelines for providing relative importance is given in Appendix A (Table A.1). The 
total perceived value of each lean strategy is calculated by using Equation (4.1) and 
if any waste is mapped to more than one lean strategy, then they share the overall 
level of perceived value. Suppose: unnecessary motion in Table 4.2 has been 
identified by a manufacturer as a critical waste to be reduced by implementing (a) 
lean strategy/strategies. From Table 4.2, it can be seen that unneeded motion has 
strong relationship with 5S, Visual Management System, Cellular Manufacturing. 
Mathematically, we can say if kth waste is mapped to ith and jth lean initiatives; then 
the perceived value change associated with kth waste comes from both the lean 
strategies which can be expressed as;  ∑ ∑ ∑= = −=++= ni ni nj ijjiikk LLLii 1 1 12 210 δδδδ     (4.36) 
4.3.5 Calculating implementation cost and time of each lean strategy 
As mentioned earlier, three major cost and four major time elements are 
considered for the implementation of a lean strategy. The value of cost and time is 
assigned in the form of cost and time units which are representative of relative 
complexity of lean implementation in an organization, level of implementation, cost 
and time required to implementation. In this study, cost and time are calculated based 
on their level of implementation such as basic, moderate and comprehensive. 
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Implementation of a lean strategy in basic level can be described as the strategies  are 
easy to initially design and adapt with the existing manufacturing system and require  
less or sometimes no cost or time. Moderate implementation level of lean strategy 
can be defined as the strategies require moderate level of effort to change the existing 
system. Moderate implementation level also needs medium level of cost and time for 
implementing the new process. Comprehensive implementation means that these 
strategies are neither easy to initially design nor easy to adapt in the existing system. 
It requires high level of cost and time for implementation. The details guidelines for 
estimating cost and time are provided in Appendix A. 
This step calculates the total operating cost, investment cost, variable cost as 
well as total planning time, modification time, training time, and validation time for 
implementing a lean strategy by using Equations (4.6), (4.8), (4.10), (4.13), (4.16), 
(4.19) and (4.20) respectively. This research assumes that total implementation cost 
and time of a lean strategy stay same even though a lean strategy participates not 
only to reduce an intended/targetted manufacturing waste but also it participates to 
reduce several other manufacturing wastes at the same time. The reduction of other 
wastes by implementing that lean strategy does not add extra implementation cost 
and time. For example, in Table 4.2, if any manufacturer implements JIT in their 
organization, it will improve the finished goods inventory and at the same time it can 
also improve the work in process and raw material inventory. However, for 
improving other two extra wastes (work in process and raw material inventory), JIT 
does not cost extra amount of money and time from the manufacturer. 
Therefore, a set of logical constraints are introduced to support this 
assumption. 
For each lean strategy i, 
 if ,1)( ≥ikLSUM then ( ) iO IndexCostOperatingC i 1__1 = else 01 =iOC  (4.37)  if ,1)( ≥ikLSUM then ( ) iP IndexTimePlanningT i 1__1 = else 01 =iPT  (4.38) 
The same sets of constraints are introduced for all cost and time components. 
In Equation 4.37, ikL  is the representation of a lean strategy, which has impact 
on or which can reduce more than one wastes at the same time. However, 
improvement of more than one wstes by implementing the same strategy, does not 
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add any extra cost or time to manufacturer. Therefore, operating cost for 
impelementing the selected strategy for improving more than one wastes equals 
operating cost index. It is assumed that forced changes are zero (0) in this analysis. 
Similary, planning time equals planning time index. 
4.3.6 Finding optimum solution 
A lean strategy selection module has been developed to solve the equations and 
to achieve optimum solution. Lean strategy selection module is developed based on 
MATLAB and Excel spread sheet. This module helps to find appropriate lean 
strategies for identified wastes within a manufacturer resource constraints applying 
developed mathematical models and proposed methodology. The computer code is 
provided in the Appendix B. Detail solution procedure is provided in Chapter 6. 
The implementation and evaluation of the suggested lean strategies will be 
described in the next chapter. The next section demonstrates the proposed 
mathematical models and methodology by a case example. 
4.4 DEMONSTRATION OF DEVELOPED MODEL AND 
METHODOLOGY BY A CASE STUDY 
Case study is an ideal methodology when a holistic and in depth investigation 
is needed. The developed mathematical models and methodology have been 
demonstrated by implementing in a real life process and therefore provides a 
guideline for how the developed methods work. 
4.4.1 Background of the case organization 
The company (ABC1 Power Switchgear Pty) specializes in the research and 
development, manufacture, marketing, sales and service of low, medium and high 
voltage switchgear products. ABC Power has three main departments: Research and 
Product development, Supply Chain Management (SCM) and Production. Research 
and Product development department designs the product based on customer 
specifications and market demand. The SCM department handles the relationships 
with suppliers and procures the raw materials. It is also responsible for the planning 
and control of the production processes. The Production department produces the 
products, performs product testing and quality assurance. 
                                               
1 For reasons of confidentiality, the name of the manufacturer cannot be disclosed. ABC is pseudonym  
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ABC has to meet the stringent requirements of the mining and process control 
industries. Today the company is represented in more than 50 countries and their 
products and services have a reputation of high reliability, leading edge technology 
and long life. In order to stay competitive, the company is keen to embrace lean 
manufacturing strategy to improve its productivity and quality by overcoming the 
possible inefficiencies in the production processes. In the past, ABC implemented 
some improvement strategies in their production process (OSM300 assembly line) 
such as Kanban bin and Rapid Performance Management (RPM) in order to improve 
the production efficiency. However, ABC failed to achieve significant benefits from 
that implementation due to their wrong perception about lean. They thought that 
implementing lean strategies will always minimize the amount of all resources used 
in the various activities in the production processes. However, they were not aware 
of associated cost and time required for lean implementation. They never thought 
that implementing lean strategies could require a lot of effort and participation of all 
levels in the hierarchy, require change not only in the shop floor level but also in the 
company culture and organizational structure. 
ABC realized that unplanned implementation of lean strategies were the main 
causes of their failure which eventually cost extra money and time. Their decisions 
for lean implementations were based on the management experiences and subjective 
preferences. Due to the subjectivity nature of the decisions, they overlooked 
important factors during overall decision making process. Therefore, overall benefits 
of implemented improvement strategies were not visible to ABC’s management. This 
led to the current lean manufacturing selection and implementation problem in ABC. 
The problem of ABC can be described as, how to select appropriate lean strategies 
from the extensive number of lean strategies that will eliminate or reduce ABC’s 
wastes and maximize their benefits within their limited amount of available 
resources. This section explains how the developed mathematical models for 
selecting appropriate lean strategies and proposed methodology for finding optimum 
solution have been applied to achieve ABC’s objectives. As an initial step, it is 
important to form a lean team to analyze the overall process and then implement the 
decision. The next section will describe the formation of lean team and 
demonstration of developed models and methodology. 
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4.4.2 Project team formation 
A lean team was formed in this project comprising of different management 
and production personnel. The team members included: the engineering manager, 
production manager, one mechanical engineer, one researcher (Author), and one 
skilled operator. The hierarchical structure of the team is shown in Figure 4.3. This 
lean team was responsible for the completion of the project.  
 
 
 
 
 
Figure 4.3: Lean Team Structure 
The next section describes the determination of study scope and identification of 
wastes in the determined study scope.  
4.4.3 Determination of the scope of the investigation 
The first task of the lean team was to determine the study scope. After 
discussing with the ABC’s management, the lean team decided that they will utilize 
the developed mathematical models and methodology for selecting appropriate lean 
strategies for the OSM300 assembly line, as ABC failed to achieve significant 
benefits in this assembly line in their earlier attempt. OSM300 assembly line is a 
dedicated assembly line for producing automatic circuit recloser named OSM300-
38kV reclosers. The OSM300-38kV automatic circuit reclosers is designed for using 
on overhead distribution lines as well as distribution substation applications for 
voltage classes up to 38kV. To investigate the OSM300 assembly line, lean team 
drew a value stream mapping of current state map of the OSM300-38kV assembly 
line. 
The main purpose of the current state map using value stream mapping was to 
identify the non-value adding steps in OSM300-38kV assembly process. Figure 4.4 
presents the current state map of the OSM300 assembly process. 
In the current state map (Figure 4.4), the boxes show the every process’s 
critical information about current process performance.  
Engineering Director 
Engineering Manager 
Skilled Operator Researcher - Author Engineering Supervisor 
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Figure 4.4: Current State Map of OSM300 Assembly Process 
I denotes the inventory of the process, C/T is the cycle time of the particular 
process, C/O is the changeover time, and Up time was calculated by subtracting 
downtime due to failures. In the current state of the OSM300 assembly line, raw 
material stays in the store for three to four days. Then, based on the weekly schedule, 
raw materials are withdrawn from the store to manufacture OSM300-38kV reclosers. 
The OSM300-38kV assembling starts from the installation of VI boot in the poles at 
Workstation 01 (W01). Then, the armature is inserted into the VI boot in the 
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Workstation 02 (W02). Next, the endurance test is carried out in Workstation 03 
(W03), and then Gang in bar is installed in the Workstation 04 (W04) and finally, 
poles are installed in the tank in Workstation 05 (W05). After performing several 
motion and quality tests, finally, products are shipped to the customer.  
However, it was further decided by lean team and ABC’s top management to 
focus only on W04 (i.e. gang in bar installation stage) due to project completion time 
constraints and ABC’s confidentiality issues. ABC’s management also agreed that 
they experienced W04 as their major barrier of OSM300 line to meet the customer 
demand due its low efficiency. They also stated that W04 takes more time than other 
workstations to complete a product which causes late delivery to the customer order. 
Moreover, it was decided that if time permits then lean team can extend their work 
on the other workstations as well. Due to these above limitations, this study only 
focuses on W04. Figure 4.5 shows the relationship among the different workstation 
of OSM300 assembly line. The assembly line is then simplified focusing on W04 to 
understand the main activities of W04 and revised assembly line is provided in 
Figure 4.6. In Figure 4.6, W04 is considered as a complete manufacturing system, 
W03 and warehouse is its supplier, and W05 is its customer. Based on this situation, 
lean strategies selection problem can be described as how to select appropriate lean 
strategies from a large number of lean strategies that will address W04’s wastes 
within ABC’s limited amount of available resources.  
 
 
 
 
 
 
 
 
 
Figure 4.5: Process Flow of OSM300 Assembly Line 
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Figure 4.6: Revised Process Flow of OSM300 Assembly Line 
4.4.4 Identify the manufacturing wastes 
Value stream mapping (VSM) identifies the existence of wastes in the different 
stages of OSM300 assembly line. During observing the process, it was identified that 
there are some wastes that value stream mapping cannot find which can be identified 
using other methods. Examples of these wastes include: unneeded motion, waiting, 
sharing tools, and transportation of parts and tools. Therefore, video recording of the 
process and then time study analysis, observations, unstructured interview were 
considered additional complimentary methods with the value stream mapping to 
identify the other wastes for this case. Therefore, informal interviews, personal 
observations, and archival documents, video recording were employed to identify the 
main sources of wastes in W04. The researcher regularly observed the W04’s 
working process. The assembly related activities were analysed with special attention 
to predict and monitor the low production rate. The major operations in W04 are 
provided below: 
• Installation of anging plate 
• Installation of wiring looms & micro switch 
• Completion of 100 mechanical operations 
• Completion of full motion tests 
• Completion of intranet database entry 
• Completion of 1/2kV wiring test 
The next section describes the video recording and time study analysis of W04 to get 
more insight about this process and identify the wastes. 
Time and motion study of Workstation 04  
The main purpose of time study was to understand work process and explore 
value-added time against non-value-added time from the process. Time study is a 
Warehouse 
 
Supplier (W03) Customer 
(W05) 
 
Workstation 04 
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particular method that helps manager to understand operator’s entire working 
process, in order to highlight problems and imply appropriate solutions. The detail 
procedure of conducting time study was provided in Chapter 3. Here, steps 
associated with time study are described briefly: 
Process recording: Before process recording, lean team discussed about the 
purpose of video recording and recording procedure to the operators. This discussion 
helps to build a good relationship between the operators and lean team. This also 
helps to maintain the normal working flow of an operator during the video recording. 
This ensures the exactness of the collected data. A handy cam was used as video 
recording instrument. Video was captured by author himself. Video record and time 
study data for OSM300-38 kV at W04 are available on request. 
Break down of recorded time: The lean team reviewed the recorded video 
and broken it into time segments that represent each of the details of work process. 
Categorize the process: After the time recording and break down into time 
segment, the project team discussed the work process with the engineering manager 
and relevant operator to determine whether the process was of value added or non-
value added category. Value-added category is the activity that must need to 
complete the product. Non-value-added category is the activity that does not add 
value to the final product or can be avoided to complete the product. Lean team 
identified nine major non-value added categories of activities viewing the video 
record. However, management also added one more inefficiency i.e. lack of 
coordination among the department. The identified nine wastes categorises are 
provided below: 
• Walk to parts 
• Walk to/get tools 
• Handling/waiting 
• Adjust/inspection 
• Get parts 
• Paperwork 
• Unpacking/disassembly 
• Cleaning 
• Rework 
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Sketch non-value added and value added time spread: after estimating the 
time segments an excel spread sheet is used to generate a bar chart to identify the 
total processing time. 
Time study result analysis 
The handy cam records the time to complete the entire assembly process at 
W04. It shows the time required by a skilled operator to complete a job at W04 
without any disturbance from internal or external factors. Factors could be a part and 
tool shortage in the workstation, and late job delivery from W03 or warehouse 
etcetera. This was actually a best case situation. Then, the entire process was broken 
down into 796 motions viewing the video record. The entire process took about 
122.87 minutes to complete this assembly stage. The team also found that, the 
operator spent more than half of the time or about 66.70 minutes on non-value 
adding tasks and only 56.17 minutes on value-adding tasks. The team then identified 
the amount of non-value added time in the identified nine categorises. The 
proportions of non-value-added times of existing assembly process in W04 are 
presented in Table 4.3. 
Table 4.3: Proportions of Non-value-added Times for existing Assembly Process in W04 
No. Activities Name Time Spent (Min) Time in Percent 
 Value-added Time (VAT) 56.17 45.7% 
1 Walk to parts 4.67 3.8% 
2 Walk to/get tools 9.03 7.4% 
3 Handling/waiting 16.38 13.3% 
4 Adjust/inspection 15.28 12.4% 
5 Get parts 12.23 10.0% 
6 Paperwork 0.00 0.0% 
7 Unpacking/disassembly 1.92 1.6% 
8 Cleaning 0.77 0.6% 
9 Rework 6.42 5.2% 
 Total 122.87 100.0% 
 
These non-value added times were further analysed and it was found that 
majority of the wastes (around 43%) came from walking, holding and handling the 
parts and tools, inspection and getting parts to the assembly point. Figure 4.7 shows 
the non-value-added times (red bar) and value-added time (green bar) associated with 
the assembly activities of W04. 
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Figure 4.7: Time Study Result Analysis 
Therefore, the main problems identified during the assembly process were: 
Walk distance: operators need to walk to get assembly parts and tools all the 
times. Some of the walking times can be treated as non-value added and are 
considered waste. It was also observed that most of the tools are poorly maintained in 
the workstation. This was also the causes of transportation wastes in the workstation. 
Figure 4.8 shows the poor maintenance of tools in the W04. 
 
 
 
 
 
 
 
 
 
Figure 4.8: Poor Maintenance of Tools 
Handling: some double handling problems have been identified, which are 
mainly caused by lack of operators working experience. 
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Part replenishment: most of the assembled parts are loaded on the work 
bench within single different size of bins and there is a miscommunication between 
operators and the person responsible for replenishment. 
Waiting and sharing tools: currently operators are sharing one set of tools, 
which may cause increasing waiting time and can be treated as waste. 
Quality: Re-working of poor quality parts increase WIP inventory. 
Layout design: Inefficient workstation layout and unnecessary distance 
travelled by operator. There is also information gap among the departments which 
causes information related waste in the organization. 
4.4.5 Assignment of perceived values to reduction of wastes 
After identifying the different wastes, an observation and unstructured 
interview process was also conducted on the factory floor to explore further wastes 
associated with the W04. This served to identify the current manufacturing problems 
which are categorised into ten types and then, rated by both the lean team and 
company executives. The lean team directly asked the ABC’s management people 
like engineering director and engineering manager their perception about these 
wastes. They were asked to rank the wastes according to their priority of reduction of 
these wastes such as insignificant, low, medium, and critical in terms of their 
production process goal. The detail guidelines are provided in Appendix A. The 
ranking of wastes are provided in Table 4.4. 
Table 4.4: ABC’s Wastes with Relative Importance Values 
Identified Problems Manufacturing Wastes Relative Importance 
Walk for getting parts  Unnecessary Motion 9 
Poor quality parts Defects 8 
Inefficient workstation layout Transport 7 
Adjustment Setup Time 6 
Overproduction Finished Goods Inventory 5 
Lack of standard process Inappropriate Processing 7 
Rework rate Failure Time 8 
Overproduction WIP 4 
Parts shortages Raw material inventory 5 
Lack of co-ordination Knowledge Disconnection 6 
4.4.6 Establish relationship between W04’s wastes and lean strategies and 
assign perceived value to reduction of each waste 
Planning to reduce manufacturing wastes involves implementation of one or 
more lean manufacturing strategies with the objective that each lean manufacturing 
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strategies that is implemented will contribute to reduce one of the identified wastes. 
This step completes the lean strategies and wastes correlation matrix developed in 
Section 4.4.3 (Table 4.1) after putting the relative importance values. A complete 
decisional correlation matrix is presented in Table 4.5. This table  shows the 
relationships among the lean strategies, manufacturing wastes identified in W04 and 
the importance of reducing that specific waste. This correlation matrix will be 
utilized as input for selecting appropriate lean strategies for ABC within their 
resources constraints. The next section describes the required cost and time for 
implementing different lean strategies. 
Table 4.5: Decisional Lean Strategy and Wastes Correlation Matrix 
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Waste  selected for improvement if 1, 0 if not 
selected 
1 1 1 1 1 1 1 1 1 1 
5S  1 0 0 0 0 0 0 0 0 0 
TPM  0 0 0 0 0 0 1 0 0 0 
JIT  0 0 0 0 1 0 0 1 1 0 
TQM  0 0 1 0 0 0 0 0 0 0 
Pull/Kanban System  0 0 0 0 1 0 0 1 1 0 
Production Smoothing  0 0 0 0 1 0 0 0 0 0 
Standard Work Process  0 0 0 0 0 1 0 0 0 0 
VMS  1 0 0 0 0 0 0 0 0 0 
Cellular Manufacturing  1 0 0 1 0 0 0 1 0 0 
SMED  0 1 0 0 0 0 0 0 0 0 
SIP  0 0 0 0 0 0 1 0 0 0 
IMS  0 0 0 0 0 0 0 0 0 1 
 
 Chapter 4: Development of mathematical model for selecting appropriate lean manufacturing strategies 92 
4.4.7 Lean implementation cost and time 
Resources are necessary to implement any new tools or techniques in an 
existing system. Therefore, the effort required to make the transition to lean 
manufacturing should not be underestimated (Hobbs, 2004). Due to the lack of 
implementation cost and time data, this research estimated these costs and time data. 
This section estimated the amount of cost and time required for each strategy in cost 
and time units based on the complexity of manufacturing operations and level of lean 
implementation. Therefore, cost and time for implementing a lean strategy can be 
expressed as: 
Cost Index = Level of lean implementation × Level of manufacturing 
operations complexity × Cost level 
Time Index = Level of lean implementation × Level of manufacturing 
operations complexity × Time level 
Level of implementation means the lean strategy implementation level in order 
to improve the process. This research categorized the lean implementation level as 
basic, moderate and comprehensive. Similarly, the level of complexity of 
manufacturing operations can be low, medium, and high. Cost level can be expressed 
as no cost requires for implementation, low cost, medium cost and high cost 
requirement. The detail of the cost index calculation guidelines are provided in 
Appendix A. The same procedure was also followed to estimate the time index. 
Now, the estimated cost and time components for the implementation of each 
lean strategy are given in Table 4.6. These costs and times are assigned in the form 
of cost and time out of maximum 10 units. Therefore, operating cost, investment 
cost, variable cost, planning time, modification time, training time, and validation 
time of implementing 5S in the case organization are 2 units, 2 units, 0 units, 4 units, 
2 units, 2 units, and 2 units respectively as provided in Table 4.6. These costs and 
times are representative of relative complexity in existing system, level of 
implementation, cost and time level for lean implementation. A sample calculation is 
provided in Table 4.7. 
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Table 4.6: Lean Implementation Cost and Time 
Lean 
Strategy 
Lean Implementation Cost Lean Implementation Time 
Operating 
Cost 
(unit) 
 
 
Investment 
Cost 
(unit)  
Variable 
Cost 
(unit) 
Planning 
Time 
(unit) 
Training 
Time 
(unit) 
Modification 
Time (unit) 
Validation 
Time (unit) 
 2 2 0 3 2 2 2 
 8 8 2 8 4 4 4 
 6 4 3 6 4 8 4 
 8 4 4 4 4 6 4 
 6 6 4 6 8 4 4 
 4 2 0 4 4 4 4 
 3 0 2 3 4 4 3 
 4 6 3 6 6 4 3 
 6 4 2 8 6 4 4 
 6 4 2 6 6 4 4 
 4 2 2 4 3 4 2 
 6 9 3 9 8 6 4 
Table 4.7: Sample calculation of implementation cost and time of Lean Strategies 
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9 8 7 6 5 7 8 4 5 6   
1W  2
W
 
3W
 
4W
 5
W  6W  7
W
 
8W
 
9W
 
10W
 
)( ikLSUM  0,1,1)( ≥ikLIfSUM
 
1 1 1 1 1 1 1 1 1 1   
1L  1 0 0 0 0 0 0 0 0 0 1 1 
2L  0 0 0 0 0 0 1 0 0 0 1 1 
3L  0 0 0 0 1 0 0 1 1 0 3 1 
4L  0 0 1 0 0 0 0 0 0 0 1 1 
5L  0 0 0 0 1 0 0 1 1 0 3 1 
6L  0 0 0 0 1 0 0 0 0 0 1 1 
7L  0 0 0 0 0 1 0 0 0 0 1 1 
8L  1 0 0 0 0 0 0 0 0 0 1 1 
9L  1 0 0 1 0 0 0 1 0 0 3 1 
10L  0 1 0 0 0 0 0 0 0 0 1 1 
11L  0 0 0 0 0 0 1 0 0 0 1 1 
12L  0 0 0 0 0 0 0 0 0 1 1 1 
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According to the Equation 4.37 and Equation 4.38, 
Operating cost = Operating cost index, Investment cost = Investment cost 
index, Variable cost = Variable cost index, Planning time = Planning time index, 
Training time = Training time index, Modification time = Modification time index, 
and Validation time = Validation time index. 
If 5S has influence to reduce other wastes; it does not require extra cost and 
time to improve the other wastes. The total operating cost, investment cost, variable 
cost, planning time, modification time, training time, and validation time for a lean 
strategy are calculated by using Equation (4.6), (4.8), (4.10), (4.13), (4.16), (4.19) 
and (4.20) respectively. ABC’s allocated cost and time for improving their 
inefficiencies at the beginning of the improvement program is used as cost and time 
constraints which is provided in Table 4.8.  The unit of measure of these data is 
represented as unit due to the confidentiality issues and better understanding. 
However, it is possible to reperesent these data in any measuring unit such as time as 
minute and cost as dollar values. The next section finds the optimum number of lean 
strategies using the decision function and developed DST. 
Table 4.8: Initial Cost and Time Constraints to Lean Implementation 
Components Initial constraint 
(unit) 
Operating Cost 40 
Investment Cost 30 
Variable Cost 30 
Planning Time 45 
Modification Time 55  
Training Time 35  
Validation Time 35  
 
4.4.8 Finding suggested lean strategies using model 
The DST developed in Chapter 6 is utilized for computation of the maximized 
perceived value of reducing identified manufacturing wastes by selecting the 
appropriate lean strategies. Detail step by step procedure is explained in Chapter 6. A 
MATLAB program was developed under DST to find the optimum number of lean 
strategies for the identified wastes. Manufacturer’s allocated cost and time for 
improving their inefficiencies are used as cost and time constraints (Table 4.8). 
During solving the equation, this research simplified Equation (4.26) assuming 
impact of forced changes are almost zero. The MATLAB program generated 361 
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different combinations of selected wastes and their associated lean strategies, within 
the cost and time constraints by using simplified optimization Equation (4.26) (Case 
C, in section 4.2.3). Combinations of lean strategies and wastes are provided in 
Appendix B in Table B.1. In the table, it shows that a manufacturer can choose 361 
different combinations for their identified 10 wastes with a combination of lean 
strategies to address these wastes within their cost and time constraints. This analysis 
enables the manufacturer to easily identify their appropriate options regarding lean 
strategy selection for their organization within their cost and time constraint. 
The result shows  the minimum and maximum perceived effectiveness value of 
reducing  identified wastes  for company ABC within their given cost and time 
constraints, is 4 and 39 respectively. The developed DST generates Table 4.9, which 
shows the best combination of lean strategy and identified wastes within ABC’s 
resource constraints. It also demonstrates that out of 10 wastes identified in W04, 
ABC can potentially minimize at least one waste and maximum six wastes within 
their resource limitation. The targeted wastes are unnecessary motion, setup time, 
unnecessary transportation, inappropriate processing, work in process and raw 
material inventory and selected lean strategies are 5S, JIT, Pull/Kanban System, 
Standard Work Process, Visual Management System, Cellular Manufacturing, and 
SMED. This selection is based purely on minimizing and maximizing the 
manufacturer perceived effectiveness value, while satisfying the given set of cost and 
time constraints. 
Results also demonstrated that if ABC implements ‘Cellular Manufacturing’, 
they will achieve maximum benefits by reducing three wastes such as unneeded 
motion, unnecessary transportation, and work in process at the same implementation 
cost and time (Table 4.9). After that, maximum benefits can be achieved by 
implementing either JIT or the Kanban system, which can reduce two wastes: work 
in process and raw material inventory (Table 4.9). Then, 5S and Visual Management 
System implementation can reduce only one waste, namely unneeded motion.  
Inappropriate processing can be reduced by applying Standard Work Process. 
Inappropriate processing is closely related to working procedure of operators or bad 
design of the product. Therefore, method-time measurement (MTM) could be a good 
solution for this waste. Finally, SMED implementation reduces the setup time 
wastes. Therefore, the order of lean strategies should be Cellular Manufacturing, JIT 
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or Kanban, 5S or Visual Management system followed by SMED. The different cost 
and time units which are used as constraints are given by the manufacturers. So, the 
actual amount of cost and time required to implement these selected lean strategies is 
determined by applying the methodology and MATLAB program and presented in 
Table 4.10. From Table 4.10, the slack value between the actual implementation cost 
and time and given constraints can be calculated by substituting required units 
(Column 3) for available units (Column 2). Figure 4.9 shows the graphical 
representation of different lean strategies and wastes and perceived effectiveness 
values according to ABC’s resource limitations. 
Table 4.9: Solution with given Set of Constraints 
Change in manufacturer perceived value = 
39 
Decision function 
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Relative Importance by Manufacturer--
> 
 9 8 7 6 5 7 8 4 5 6  
Implement  lean initiatives if is 
selected -> 
 
1W
 2
W  3W
 
4W
 
5W
 
6W
 
7W
 
8W
 
9W
 
10W
 
 
Waste  selected for improvement if 1, 
0 if not selected 
 1 1 0 1 0 1 0 1 1 0  
5S  1 0 0 0 0 0 0 0 0 0 1 
TPM  0 0 0 0 0 0 0 0 0 0 0 
JIT  0 0 0 0 0 0 0 1 1 0 1 
TQM  0 0 0 0 0 0 0 0 0 0 0 
Pull/Kanban System  0 0 0 0 0 0 0 1 1 0 1 
Production Smoothing  0 0 0 0 0 0 0 0 0 0 0 
Standard Work Process  0 0 0 0 0 1 0 0 0 0 1 
VMS  1 0 0 0 0 0 0 0 0 0 1 
Cellular Manufacturing  1 0 0 1 0 0 0 1 0 0 1 
SMED  0 1 0 0 0 0 0 0 0 0 1 
SIP  0 0 0 0 0 0 0 0 0 0 0 
IMS  0 0 0 0 0 0 0 0 0 0 0 
Participating Strategies  3 1 0 1 0 1 0 3 2 0 7 
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Table 4.10: Initial Time Constraints and Actual Cost and Time required to Lean Implementation 
Cost and Time Components Initial constraint Initial solution 
Operating Cost 40 37 
Investment Cost 30 29 
Variable Cost 30 16 
Planning Time 45 41 
Modification Time 55 39 
Training Time 35 32 
Validation Time 35 25 
 
 
Figure 4.9: Combination of lean strategy and wastes with perceived values 
The implementation and evaluation of suggested lean strategies for W04 will 
be described in Chapter 5. 
This methodology can be used to make decisions in special situations, when 
the aim of company is not only to maximize the perceived value but also to drive the 
decision based on policies. One of special features of this methodology is described 
below. 
4.5 APPLICATION OF METHODOLOGY IN DYNAMIC SITUATION 
Manufacturing organizations operate in a dynamic environment and therefore 
performance measurement is a dynamic process (Suwignjo, et al., 2000; Shang, et 
al., 2008). It is a challenge for a manager to take appropriate decision for selecting 
improvement strategies considering present situation of the production process. The 
performance measures in a manufacturing organization can change over time and 
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vary between companies, meaning that wastes critical today could change and 
become less critical after a period of time. Moreover, a manufacturer can change 
their allocated cost and time for an improvement project based on their production 
requirement. The changes could be the results of internal performance improvement 
strategies or because of changes in the external environment of the company. 
Dynamic decision making is facilitated by using the developed methodology and 
MATLAB program. Therefore, the manufacturing manager needs to change the input 
i.e. which wastes they need to improve and their relative importance value. 
From Table 4.2, it shows that selecting a waste from the solution matrix means 
it brings a set of lean strategies that are essential to improve that waste. If a waste 
(e.g. W1) is considered the most critical for a process and needs to be eliminated or 
reduced first then it should always be brought in the soulution. This can be achieved 
by introducing a constraint: 
For each iW ,  1WWi ≤    (4.39) 
Once this most critical waste is brought in the solution, it also brings a set of 
lean strategies. This can be explained by following constraint:  
For all Lik,  iikik WLvaluestaticLofvaluedynamic ×= _____   (4.40)  
In the previous case, unneeded motion was the most critical wastes. Based on 
criticality of the wastes and manufacturer cost and time constraints, the problem was 
formulated and solved based on the proposed methodology. However, it is assumed 
that the situation is changed, where in the new case, setup time is considered the 
most critical waste (relative importance 9). The cost and time constraints have been 
readjusted to the different cost and time components. However, the total amount of 
cost and time available were same as before. Then, the new problem is formulated 
considering setup time as the most critical waste. 
Using the methodology and DST, manager identifies 559 different 
combinations of different wastes within the resource constraints (Solution procedure 
is provided in Chapter 6 and results are provided in Appendix B in Table B.2). 
Figure 4.10 shows the graphical representation of number of iterations in the x axis 
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and the perceived effectiveness value in the y axis for the redistributed cost and time 
constraints with changed condition. From this graph, one can understand the which 
iteration gives the maximum perceived effectiveness value within their resource 
constraints. This helps managers to find out a set of manufacturing wastes that can be 
improved by implementing appropriate lean strategies within their resource 
constraints. The best combination is provided in Table 4.11. From these 
combinations, the identified targeted wastes are unnecessary motion, setup time, 
defects, unnecessary transportation, inappropriate processing, work-in-process and 
raw material inventory and selected lean strategies are 5S, JIT, Pull/Kanban System, 
Standard Work Process/MTM, Visual Management System, Cellular Manufacturing 
and SMED. 
This selection is based purely on maximizing the manufacturer perceived 
effectiveness value, while satisfying the given set of cost and time constraints. The 
improved perceived effectiveness value is 46 in the changed condition. The 1st 
iteration with the initial cost and time constraints and the actual cost and time 
required for implementing selected lean strategies,  is provided in Table 4.12 
(Column 2 and 3). Then, the new (readjusted) cost and time constraints are set 
according to the previous solution and the new solution is achieved using the 
developed methodology and presented in Table 4.12 (Column 4 and 5). 
 
Figure 4.10: Combination of Lean Strategy and Wastes with Perceived Value 
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Table 4.11: Dyanmic Solution with given Set of Constraints 
Change in manufacturer perceived value = 39 
Decision function 
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Relative Importance by Manufacturer-->  8 9 7 6 5 7 8 4 5 6  
Implement  lean initiatives if is 
selected -> 
 
1W
 
2W
 
3W
 
4W
 
5W
 
6W
 
7W
 
8W
 
9W
 
10W
 
 
Waste  selected for improvement if 1, 0 if 
not selected 
 
1 1 1 1 0 1 0 1 1 0 
 
5S  1 0 0 0 0 0 0 0 0 0 1 
TPM  0 0 0 0 0 0 0 0 0 0 0 
JIT  0 0 0 0 0 0 0 1 1 0 1 
TQM  0 0 1 0 0 0 0 0 0 0 0 
Pull/Kanban System  0 0 0 0 0 0 0 1 1 0 1 
Production Smoothing  0 0 0 0 0 0 0 0 0 0 0 
Standard Work Process  0 0 0 0 0 1 0 0 0 0 1 
VMS  1 0 0 0 0 0 0 0 0 0 1 
Cellular Manufacturing  1 0 0 1 0 0 0 1 0 0 1 
SMED  0 1 0 0 0 0 0 0 0 0 1 
SIP  0 0 0 0 0 0 0 0 0 0  
IMS  0 0 0 0 0 0 0 0 0 0  
Table 4.12: Changed Cost and Time constraints with Actual Cost and Time 
 Initial constraint Initial solution Readjusted 
Cost and 
Time 
Constraints 
New 
Solution  
Engineering Cost 40 37 45 45 
Investment Cost 30 29  35 34 
Variable Cost 30 16  20 20 
Planning Time 45  41  50 46 
Modification Time 55  39 45 44 
Training Time 35  32 45 38 
Validation Time 35  25 35 30 
4.6 SENSITIVITY ANALYSIS 
Sensitivity analysis can be used to support validation of simulation model 
(Kleijnen, 1999). The importance of sensitivity analysis in validation is also 
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emphasized by Fossett et al., (1991) and Nayani and Mollaghasemi (1998). In 
simulation, factors change in every simulation run. This research tested the 
sensitivity of the suggested model for selecting lean strategies, which shows that how 
sensitive the suggested model ison the changes of input value of relative importance 
value of a waste, allocated cost and allocated time for improvement of the selected 
process. Change of the ranking of wastes provide a different combination of lean 
strategies (Table B.1). This means that the developed methodology sensitive to to the 
situation of the manufacturing and suggests different set of lean strategies for the 
selected value stream. Sensitivity analysis was also done by changing the 
manufacturer cost and time constraints as input. This also resulted in different 
combination of lean strategies. This dictates the importance of identification of 
appropriate manufacturing wastes and consideration of manufacturers’ resources 
limitation during the appropriate lean strategies selection for a manufacturing 
process. Thus, lean strategy selection methodology provides a robust method for a 
manufacturer to  take timely decision for their process based on lean concept (Table 
B.1). 
4.7 CHAPTER SUMMARY 
Identifying areas to improve in a manufacturing process and selecting a proper 
tool to address these problems are always a significant challenge for manufacturing 
organizations. It is important to optimize the benefits of lean implementation within 
the given set of budgetary constraints and allocated time. The major contribution of 
this study is decision function formulation based on multi-objective mathematical 
model. This research developed three decision functions for a manufacturer so that 
they can make decisions in three different situations like considering cost as 
constraints or time as constraints or both together. These decision functions are 
utilized to estimate the manufacturer perceived effectiveness value of reducing 
manufacturing wastes by implementing appropriate lean strategies within the 
allocated cost and given time. It is a novel way of selecting appropriate lean 
strategies for manufacturing organizations within their resources constraints. In all 
practical cases, it is important to identify the most critical wastes in order to select 
the accurate lean strategy to minimize these wastes within the limitations. The case 
study demonstrated the step-by-step method to support the decision making for 
choosing the most critical wastes and appropriate lean strategies while maximizing 
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the perceived effectiveness value. The developed decision functions and 
methodology also provided a method to assist decision making in special situations 
such as focusing on the changing situation of a manufacturing process. 
The major contributions can be summarized below; 
• A developed ‘lean strategies-wastes’ correlation matrix that provides the 
initial decision making guideline for a manufacturer. This matrix provides 
an answer to a lean practitioner about the appropriateness of the lean 
strategy for improving the identified wastes in a particular company. 
• A mathematical model for evaluating the maximized perceived value of 
reducing a manufacturing waste within the manufacturer’s cost and time 
constraints. 
• A method to find the optimum number of lean strategies. It provides a list 
of manufacturing wastes that can be improved by lean strategies within the 
manufacturer’s resource limitation. It also provides the required cost and 
time for implementation of the selected lean strategies. 
• A method to make decision on selecting appropriate lean strategies as a 
continuous improvement process.  
To measure the progress and accomplishment in becoming more efficient, 
organizations must evaluate the impact of selected lean strategies. Therefore, the 
second objective of this research is to develop a methodology to assess the leanness 
of manufacturing organizations and described in Chapter 5. 
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Chapter 5: Fuzzy Based Leanness Assessment Model  
Leanness is an approach that aims to eliminate of manufacturing wastes while 
stressing the need for continuous improvement (Papadopoulou & Ozbayrak, 2005b). 
When reviewing the extant literature it has become apparent that, questions such as 
‘how to become leaner’, ‘how to measure the leanness of a system’ and ‘how lean 
should the system be’ have received less attention (Soriano-Meier & Forrester, 2002; 
Bhasin & Burcher, 2006; Bhasin, 2011). ‘How to become leaner’ is answered in 
Chapter 4 by a process of selecting appropriate lean strategies according to 
manufacturers’ needs and their resource constraints. This chapter will develop a 
methodology to evaluate the impact of these selected lean strategies and answer the 
question ‘how to measure the leanness of a system’ and ‘how lean should the system 
be’. The next section describes the improved leanness assessment model followed by 
the lean manufacturing measures and performance metrics, and the proposed fuzzy 
based leanness assessment model. Finally, the proposed model has been 
demonstrated by a real life case study and A t-test has been done to validate the 
model proposed. 
5.1 AN EFFICIENT LEANNESS ASSESSMENT MODEL 
To satisfy the principle that ‘we can’t improve what we can’t measure’, one 
important issue is to be able to easily assess the current levels of performance and to 
ensure which factors are to be considered as critical for attaining further 
improvement. Performance measurement is defined as the process of quantifying the 
efficiency and effectiveness of an action (Muthiah & Huang, 2006). Many 
researchers utilized different performance metrics, corresponding to lean initiatives 
to track the improvements. Most of the time, a group of lean metrics is used 
simultaneously to evaluate the effectiveness of the lean initiatives. To our best 
knowledge, an integrated measure of leanness, which is quantitative and objective, is 
not found in literature. Only by reviewing a whole set of lean metrics, lean 
practitioners can track improvement in each specific area and build a rough image of 
the overall leanness. As a result, lean manufacturers know “how to improve the 
leanness” and “what has been improved” but do not have the knowledge of “how 
lean the system is” or “how much leaner it can become.” 
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An integrated leanness measure should be developed to evaluate the efforts of 
leanness improvements. Currently, there is no proper method available to accurately 
measure the impact of these lean strategies on the overall performance of an 
organization. This thesis proposes a manufacturing leanness evaluation model by 
using the triangular fuzzy concept. Fuzzy logic can deal with the uncertainty and 
impreciseness of input data and it is also applicable for analyzing qualitative 
variables of a system (Zadeh, 1965). This research proposed a method to convert 
both the qualitative and quantitative values of performance metrics into quantitative 
ones and then generate corresponding membership functions to evaluate the leanness 
value. This leanness value answers the question of ‘how lean a manufacturing system 
is’. To our best knowledge, this is the first attempt to measure leanness, 
incorporating both qualitative and quantitative measures into a single quantitative 
value by employing fuzzy concept. 
This research follows two main steps to accomplish an improved and efficient 
leanness assessment model. 
• Identifying lean manufacturing performance metrics: this represents 
the selection of suitable lean manufacturing performance metrics, in both 
qualitative and quantitative measures, related to the selected lean 
production process. 
• Measuring leanness value: this process evaluates the lean practices 
associated with the production process and calculates the leanness values, 
employing fuzzy triangular membership functions. 
5.2 LEAN MANUFACTURING MEASURES AND PERFORMANCE 
METRICS 
In lean philosophy, measures provide a sense of direction as manufacturers’ 
move from the current state to the future state by aligning with the business’s long-
term goals (Ramesh & Kodali, 2011). Dennis & Shook (2007) suggested six primary 
performance measures (PM) for a lean manufacturer: quality, productivity, cost, 
delivery, safety and environment and morale. However, there also exists a need to 
define a new set of lean performance metrics so as to measure the overall PM along 
these different dimensions. The most common metric in mass manufacturing is the 
desire to produce as much as possible to improve efficiency or to utilise highly the 
organization’s personnel and equipment. This leads to the waste created by 
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overproduction, if what is produced is not synchronised with what is required 
(customer demand). An ideal production process is to make exactly what is needed, 
when it is needed, in the quantities required and at the lowest cost. 
There are six key outputs of any manufacturing organization: cost, quality, 
performance, delivery time (and delivery time reliability), flexibility and innovation. 
Cost refers to material cost, labor cost, overhead cost, and the cost of other resources 
used to produce a product (Inanjai, 2009). Quality refers to the extent to which the 
final product is conformed to the specifications of the customer. Performance refers 
to features of the product that permit the product to do things that other products 
cannot do. Delivery time refers to the time between order taking from the customer 
and delivery of the order to the customer. Flexibility refers to the extent to which the 
volume of production of the product can be extended. Innovation refers to extent to 
which the organization has the ability to introduce new products to the market 
quickly. 
Performance metrics is expressed in either quantitative or qualitative terms. 
Daum & Bretscher (2004) defined the performance metric in a qualitative way 
because different stakeholders put different values on the same outcome, which 
cannot be quantified. Intangible measures are also not easy to quantify, thus 
requiring some kind of qualitative metric. However, a performance metric should be 
based on an agreed-upon set of data and a well-understood and well-documented 
process for converting that data into the metric. Therefore, it is necessary to develop 
a set of performance measures that can relate to the organization and satisfy the 
decision makers’ needs. For effective performance evaluation, measurement goals 
must represent organizational goals and the metrics selected should reflect a balance 
between financial and non-financial measures that can be related to strategic, tactical 
and operational levels of decision-making and control. It is important to reduce many 
of the established performance metrics to a relatively low number that will then make 
performance evaluation more effective. 
To develop the integrated leanness index, first one needs to understand the 
metrics that are used to track ‘leanness’, in other words, the performance 
determinants. Traditionally, the performance determinants are cost, on-time delivery 
and quality (Agarwal, et al., 2006), while some researchers have also included 
productivity and safety (Allen, et al., 2001b). However, in the early years, 
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researchers focused on an individual metric, Levinson & Rerick (2002) focused on 
manufacturing cycle efficiency (MCE) for measuring leanness and Fogarty (1992) 
measured leanness by value-added efficiency (VAE) which have focused merely on 
on-time delivery and value-added activities, respectively. In another study, Katayama 
& Bennett (1999) have focused solely on quality and productivity. More recently, 
researchers began to explore the influence of each metric on one another. For 
example, Detty & Yingling (2000) have tried to group several performance metrics 
(e.g. productivity, cost and quality) to outline the overall leanness. Thus although 
some researchers have explored grouping the metrics, however, due to the metrics 
being different from each other in nature, these methods have failed to synthesise the 
metrics group into a single integrated leanness measure. 
In lean manufacturing, a single or specific group of metrics will contribute 
partially in measuring overall leanness (Wan & Chen, 2008). Therefore, based on a 
comprehensive literature review, this research proposed a list of the most important 
lean metrics (Table 5.1) to evaluate the performance of a manufacturing process. 
Then, these metrics were divided into two key categories depending on whether they 
can be measured by numerical (quantitative) or linguistic (qualitative) terms. These 
metrics were also classified as either cost or benefit metrics. Cost metrics are those 
that have negative impact on the overall leanness value while benefit metrics are 
those with a positive impact. 
For a meaningful integrated leanness index, one has to understand how these 
metrics interrelate with each other. This research utilized the fuzzy set concept to 
bring all qualitative and quantitative performance metrics to a common denominator 
i.e. providing an integrated leanness index.  The next section describes the basic 
concepts of fuzzy set theory. 
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Table 5.1: Lean Manufacturing Performance Measures and Optimal Lean Performance Metrics (Allen, et al., 2001b; Agarwal, et al., 2006; Dennis & Shook, 2007; Ramesh & 
Kodali, 2011) 
Performance 
Measures 
Performance Metrics  Quant. Qualit. Lean 
Goal 
Definition  
Financial  Cost Per Part ($/unit) √  ↓ The total cost per unit for raw materials including processing and indirect 
overheads. 
Total Inventory Cost ($/unit per month) √  ↓ The total cost associated with any standing inventory (finished goods, WIP, raw 
materials). 
Transportation Cost (Cent/unit per month) √  ↓ The amount of money required to transport the product to the customer. 
Raw Material Variance √  ↓ Standards are developed for the amount of raw material per part. Total raw 
material consumption should be compared to the standard quantity-per-part 
multiplied by the total parts produced, which will provide a variance to the 
standard. This, multiplied by the average cost of raw materials, gives the variance 
in cost terms. High variance may be caused by over-processing waste, a high scrap 
rate or material wastage (spillage, excess trim scrap). 
Productivity  Wait Kanban Time (Min) √  ↓ The line is in Wait Kanban Time mode when it awaits the order to resume making 
the products required by the customer. A consistently high amount of Wait Kanban 
Time indicates an imbalance between processes, caused by a greater capacity than 
required to meet the customer demand. 
Manufacturing Lead Time (Min) √  ↓ The time from when a manufacturing order is started until the order is released to 
the shipping department. 
Labour Productivity (%) √  ↑ Ratio of monthly product value shipped to monthly labour expenditures. 
Total Parts Produced √  ↑ All measurements, such as yield or scrap rate, are compared to the total parts 
produced and expressed as a percentage of this total. 
Line Stop Time (Min) √  ↓ The amount of time the line is stopped for any reason other than equipment down 
time or Wait Kanban Time. Causes include part shortages, quality issues, etc. It is 
normally reported as a percentage of standard operating time minus Wait Kanban 
Time. 
Equipment Downtime (Min) √  ↓ It is the percentage of time the machine is unable to produce product during 
scheduled operation time. 
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Shorting customer process √  ↓ It can be calculated by dividing the amount of stop time by standard operation 
time, minus the Wait Kanban Time. 
Stopping supplier Process √  ↓ This is the same as the shorting customer process (SCP). 
Setup Time (Min) √  ↓ The time recorded in minutes from the last good of one part type to the first good 
of another part type. 
Overall Equipment Efficiency (%) √  ↑ OEE has been widely used by manufacturers to determine productivity at the 
equipment level. 
 
Quality  
 
Customer Satisfaction (%)  √ ↑ The number of defective parts returned from the following process or customer. It 
is calculated, as percentage of the total parts produced by a process. 
Reject Rate (%) √  ↓ Percentage of units starting as raw materials to those that have to be reworked at 
least once in the process. 
Yield √  ↑ The percentage of total parts produced that are accepted as is, i.e. without any 
rework. 
Rework Rate (%) √  ↓ The percentage of units starting as raw materials to those that have to be reworked 
at least once in the process. 
Flexibility  Missed Delivery Cycles √  ↓ This metric measures the efficiency of material handlers working in a pull based 
production operation. Failure to complete a delivery cycle results in fluctuations in 
the material process, and the customer process does not have sufficient parts at the 
operational level to continue production.  
Quick Response to Customer √  ↑ This metric measures the ability of the process to meet fluctuations in customer 
demand. 
Level of Technology Usage (%)  √ ↑ The level of usage of technology for the particular process 
On-time Delivery (OTD) (%) √  ↑ This OTD measures the percentage of units produced that meet the customer’s 
deadline. 
Supplier Responsiveness (%)  √ ↑ The number of times supplier deliver raw materials on time to the manufacturer. 
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Health and 
Safety  
Number of Work-Related Injuries √  ↓ These may be considered in two broad categories – accidents or sudden injuries, 
including cuts, contusions, etc., and cumulative trauma disorders or repetitive 
motion injuries, including carpel tunnel syndrome and thoracic outlet syndrome. 
Lost work days √  ↓ Operational downtime resulting from work-related injuries of personnel and/or 
health and safety hazards. 
Number of Medical Visits √  ↓ Number of visits to a medical facility due to injuries and/or possible or real health 
hazards. 
Work-related Restrictions √  ↓ Number of work-related restrictions resulting from the general operational 
environment in the plant. 
Morale  Employment Security  √ ↑ Lean manufacturing does not promote eliminating jobs. It inspires reducing the 
labour content of operations so that workers are free to be involved in 
improvement activities. The number of employment contracts terminated in a fixed 
period is a good measure of the sense of job security in the organization. 
Employee Training and Development  √ ↑ The number of employee training and developmental programmes undertaken in 
an organization in a fixed period of time. 
Number of Awards and Rewards Disbursed √  ↑ The number of different kinds of awards and bonuses for an employee (e.g. best 
employee of the month, year, etc.), based on their performance. 
Employee Involvement  √ ↑ A combined measure of all the group activities an average employee may be 
involved in, e.g. number. of Kaizen circles, average number of suggestions per 
employee, etc. 
Culture  √ ↑ The quality of the culture in a lean environment depends on the practice of Plan-
Do-Check-Act (PDCA), standardisation, visual management, and teamwork etc. 
Since this is a qualitative measure, a Likert scale-based questionnaire is the most 
appropriate tool to quantify the quality of culture in an organization. 
Governance  √ ↑ In a lean manufacturer, governance means how a team is organised, functions and 
behaves. A team is the heart of lean improvement operations and therefore the 
quality of governance is a critical measure of team morale. A Likert scale-based 
questionnaire may be applied. 
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5.3 FUZZY SET THEORY 
Fuzzy set theory was first proposed in 1965 (Zadeh, 1965). It is primarily 
concerned with quantifying and reasoning, using natural language in which many 
words have ambiguous meanings. Formally, the process, in which individuals from a 
universal set X are determined to be either members or non-members of a crisp set, 
can be defined by a characteristic or discrimination function (Ross & Mexico, 
1997). For a given crisp set A, this function assigns a value ( )xAµ  to every 
Xx∈ such that, 
 ( )



∉
∈
=
Ax
Ax
xA ,0
,1
µ     (5.1) 
This kind of function can be generalized such that the values assigned to the 
elements of the universal set fall within a specified range and are referred to as the 
membership grades of these elements in the set. Larger values denote higher degrees 
of set membership. Such a function is called a membership function Aµ by which a 
fuzzy set A is usually defined. This function can be indicated by: 
 [ ]1,0:)( →XxAµ         (5.2) 
where X refers to the universal set defined in a specific problem, and [0, l] 
denotes the interval of real numbers from 0 to 1, inclusively. 
5.3.1 Represenation of triangular fuzzy linguistic membership function  
This research represented a triangular fuzzy numbers as ( )321 ,, aaaA =  where, 
321 ,, aaa are real numbers and 321 aaa << . Due to their conceptual and computation 
simplicity, triangular fuzzy numbers are very commonly used in practical 
applications (Delgado, et al., 1998). 
         1 
                                          
                                           ( )xAµ  
    
     
        0        
                                 1a       2a                3a  
Figure 5.1: Triangular Fuzzy Numbers Representation 
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The membership function ( )xAµ  of triangular fuzzy number A is given by: 
 ( )








≥
≤≤
−
−
≤≤
−
−
≤
=
3
32
23
3
21
12
1
1
,0
,
,
,0
ax
axa
aa
xa
axa
aa
ax
ax
xAµ    (5.3) 
The value of x at 2a gives the maximal grade of ( ) 1=xAµ which is the most 
probable value of the evaluation data. The values of x at 1a and 3a give the minimal 
grade of ( ) 0=xAµ . These two values are the least probable values of the evaluation 
data and they are the lower and upper bounds of the available area for the evaluation 
data. These values reflect the fuzziness of the evaluation data. The next section 
describes the fuzzy based model for leanness assessment. 
5.4 FUZZY BASED LEANNESS ASSESSMENT MODEL (FB-LAM) 
This section presents the model for measuring manufacturing leanness and 
exploring improvement opportunities in the manufacturing process. This research 
utilized fuzzy set theory and linguistic terms to evaluate manufacturing leanness, 
proposing a method by using the fuzzy concept to convert both the qualitative and 
quantitative data into triangular fuzzy numbers and then find out the membership 
functions. The corresponding membership function of each performance metric is 
called the leanness of the performance metric in the given situation. The algorithm of 
the proposed fuzzy based leanness assessment model is presented in Figure 5.2. The 
leanness assessment method consists of major four steps as described below: 
Step 1: Find the fuzzy linguistic numbers for both quantitative and qualitative 
measures  
Step 2: Determine lean ranges of manufacturing performance metrics  
Step 3: Fuzzify multiple linguistic membership functions using the uniformity 
membership function 
Step 4: Defuzzify the fuzzy membership functions using the centre of area 
(COA) method and measure the leanness of the selected manufacturing organization 
or production or assembly line 
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Figure 5.2: A Schematic Diagram of Proposed Leanness Assessment Method 
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' zsrq tnm
b  
Find the fuzzy boundary points by 
interpolations 'zsrqa , 'zsrqc  
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5.4.1 Find fuzzy linguistic numbers for both quantitative and qualitative 
measures 
This step proposed a method to convert all the metric values into triangular 
fuzzy numbers. Initially, different values for each of the metrics are to be collected 
for before and after lean implementation. Assume ( )mqqqQ .....,, ,21=  are different 
manufacturing situations (e.g. before and after lean implementation); 
( )nrrrR .....,, ,21=  are different manufacturing performance categories and 
( )tsssS .....,, ,21=  are different optimal performance metrics. 
The quantitative and qualitative triangular fuzzy number conversion from 
performance metrics values is described below. The behaviour of st toward the 
upward direction represents the more the better, and the behaviour of st toward the 
downward direction represents the less the better. 
Assume '.....,,2,1 lsrqsrqsrq tnmtnmtnm xxx are the numerical values of l ′ number of 
observations for each variable ts . Now the raw data will be converted into triangular 
fuzzy linguistic values applying the following steps. 
Step1: Finding the difference between adjacent data 
For each pair of 'lsrq tnmx and )1( ' −lsrq tnmx the difference is calculated as,  
 )1( '' −′
−= lsrqlsrql tnmtnm xxdiff       (5.4) 
Step 2: Assigning the value of similarity between adjacent data 
For this we convert each distance ldiff ′ to a real number 
'
lγ  between 0 and 1 
according to the following formula: 
 




∗≤
∗
−=
otherwise
Cdifffor
C
diff
l
l
l
,0
,1 '
'
' α
αγ   (5.5) 
where 'lγ  represents the similarity between 'lsrq tnmx and )1( ' +lsrq tnmx , ldiff ′  is the 
distance between 'lsrq tnmx and )1( ' +lsrq tnmx , α is the standard derivation of ldiff ′ , and C is 
a control parameter deciding the shape of the membership functions of similarity. A 
larger C causes a greater similarity. Then, the two boundary instances in a group 
have larger similarities, causing the membership function formed to be flatter. 
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This research calculated standard deviation of differences by using the 
following formula: 
 ( )∑ −= N i xxN 1 21α  (5.6) 
where N is the sample size i.e. the number of observations of the performance 
metrics data collected. 
Step 3: Determine linguistic fuzzy numbers and membership functions 
There are several types of membership functions such as Triangular, 
trapezoidal, gaussian, bell shaped, sigmoid, and polynomial (Zhao & Bose, 2002). 
However, one of the simplest membership functions is the triangular membership 
function and this is used in our research. 
This research proposes a heuristic method for determining triangular fuzzy 
numbers expressed as '
' zsrq tnm
a  '' zsrq tnm
b  , '' zsrq tnm
c   First, the central vertex point 
'
' zsrq tnm
b of entire group is calculated by using Equation (5.7). Next, we try to find the 
membership values of two boundary points of the group, which means the minimum 
and maximum outputs in that group. The two end points '
' zsrq tnm
a  and '
' zsrq tnm
c  of the 
output membership function can then be found through the extrapolation of '
' zsrq tnm
b   
and the two boundary outputs and calculated by using Equation (5.8) and Equation 
(5.9). 
If '.....,,2,1 lsrqsrqsrq tnmtnmtnm xxx belong to the same group, then the central vertex 
point '
' zsrq tnm
b  can be defined as: 
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By interpolations, other two points can be defined as: 
 )(1 ' ''''''' lsrq xzsrqzsrqzsrq tnm ltsnrmqtnmtnmtnm xbba µ−−= −   (5.8) 
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   )(1 ' ''''''' lsrq zsrqlsrqzsrqzsrq tnm tnmtnmtnmtnm x bxbc µ− −+=  (5.9)   ( )...,.........,min)( 1''' += lllsrq tnmx γγµ  (5.10) 
where μ represents the membership of the entire group and γ is the similarity 
value of consecutive points of each performance metric. The minimum similarity in 
the group is chosen as the membership value of the two boundary points ,1tnm srqx  
and ,lsrq tnmx . 
Finally, the desired triangular fuzzy number can be expressed as: 
 = '''''''' ,, zsrqzsrqzsrqzsrq tnmtnmtnmtnm cbaF  (5.11) 
5.4.2 Determine lean ranges of manufacturing performance metrics  
It is important to develop a meaningful integrated leanness index so that it can 
be used as the leanness indicator of an organization. Therefore, one has to understand 
the relationship among the performance metrics, i.e. how these metrics interrelate 
with each other. Naturally, their relationships are indivisible; for example, cost is 
affected by quality and on-time delivery, e.g., high quality increases cost through 
more frequent inspections and quality checks and a higher consumption of resources. 
Moreover, when on-time delivery to customers is improved, the organization will 
commit extra operational costs. As lean implementation is carried out synchronously 
throughout the organization, the relationships among these metrics become more 
complex. Lean implemenation will also often create conflict of interest among the 
different departments of the organization. This conflicting impact eventually 
invalidates the results of the performance indicator. Therefore, it is important to 
develop an integrated measure which can weed out the conflicting effects. The finest 
way to do this is to cast the interrelated performance metrics through a common 
platform whose objective is towards a common goal i.e. a ‘good leanness value’ 
based on the combination of these metrics. 
To develop this common platform, it is important to understand and examine 
the interrelations of the metrics from the perspective of practices that the leanness 
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focuses on. Figure 5.4 shows the relationships among the ideal leanness goal, 
optimum leanness goal, the lean benefit and cost metrics goal. In the figure, 
performance metrics (cost and benefit metrics) are plotted in the x axis and 
corresponding membership values as leanness values are plotted in the y axis. 
 
 
                                                                                     b’     
                                       1                   P’                   Q’ 
                          R                     b         
 
                              ( )xAµ  
 
 
                             0               Performance Metrics ( )  
        
                                            '
' zsrq tnm
a     P    '
' zsrq tnm
b
  
Q          '
' zsrq tnm
c      
Figure 5.3: Relationship among cost metrics, benefit metrics, ideal leanness goal and optimum 
leanness goal 
Ideally, a lean manufacturing system runs without any sources of waste or non-
value added activities (i.e. ideal system configurations). Figure 5.4 shows the 
triangular fuzzy number, '
' zsrq tnm
a , ''b ,  '
' zsrq tnm
c  for an ideal manufacturing system. It 
is clear that the value of the manufacturing performance variable (or membership 
function value, ( )xAµ is maximum or ideal (or 1) at 'b  and drops gradually to 
minimum (or zero) in both the cases at points  '
' zsrq tnm
a and '
' zsrq tnm
c . PP’ and QQ’ are 
the real situation due to existence of wastes in the system.  
However, the target of any manufacturer is to attain ideal leanness, which can 
be achieved through achieving ideal performance value in their cost and benefit 
metrics. Therefore, in ideal case, variables  for positive behaviour (variables 
needing to improve by increasing their performance values) have a positive 
increment in membership function values from point '
' zsrq tnm
a to '
' zsrq tnm
b and we take 
these ranges for the values of lean implementation to attain ideal leanness. Similarly, 
for negative behaviour variables, this research takes '
' zsrq tnm
b to '
' zsrq tnm
c as lean 
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implementation ranges to achieve ideal leanness (Chang, et al., 2006). Eventually, 
the ideal ranges of performance variables under lean attributes are: 
For positive behaviours of variables ( )    
 '
'
'
'
'
' zsrqzsrqzsrq tnmtnmtnm
baxL −=   (5.12) 
For negative behaviours of variables ( )    
 '
'
'
'
'
' zsrqzsrqzsrq tnmtnmtnm
bcyL −=   (5.13) 
For example, a manufacturer wants to reduce the time to assemble (cost 
metrics) per unit of product and the present value shows the time to assemble per unit 
is at maximum point '
' zsrq tnm
c . Therefore, the direction of improvement of time to 
assemble per unit should be toward the minimum point '
' zsrq tnm
a . On the other hand, 
the current level of technology usage is very low i.e. at the minimum point '
' zsrq tnm
a  . 
Therefore, the level of technology usage direction should be toward the outstanding 
i.e. maximum point '
' zsrq tnm
c . However, it is clear from Figure 5.4, that the 
membership values i.e. leanness values are minimum (or 0) at points  
'
' zsrq tnm
a and '
' zsrq tnm
c
 
Therefore, this research assumed that the target of improvement of both 
performance metrics should be toward achieving the maximum membership value 
i.e. toward '
' zsrq tnm
b which is actually the ultimate lean goal of any organization, where 
the performance of the both metrics achieves 1 or 100%. This is, we defined as the 
ideal leanness of any manufacturing system. However, a “perfect” manufacturing 
system without any waste is not likely to exist in reality. Therefore, it is not possible 
for any manufacturer to achieve 100% leanness. This model sets a realistic goal for 
implementing lean strategies to reduce wastes as well as to achieve better leanness 
performance. In Figure 5.4, the small triangles show the triangular fuzzy numbers, 





'
'
'
'
,, ' zsrqzsrq
tnmtnm
cPa  and 




'
'
'
'
,, ' zsrqzsrq
tnmtnm
cQa , and it is clear that the value of the 
manufacturing performance variable (or membership function value, ( )xAµ  is 
changed at point P’ or Q’, i.e. the leanness performance value is lowered to R from 1, 
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which is actually due to the existence of wastes in the manufacturing system and the 
value drops gradually to minimum (or zero) in both the cases at points '
' zsrq tnm
a and 
'
' zsrq tnm
c . We define the point R as an optimum or realistic extent for any manufacturer 
to achieve optimum leanness. 
Once optimum goal is achieved then the goal is revised since achieving 
leanness is a continuous process and ultimate target is to achieve ideal leanness. 
Thus, the model identified optimum lean implementation ranges for each variable 
and apply various lean strategies in this range to achieve optimum leanness value. 
Therefore, the optimum lean ranges for performance variables under lean attributes 
are: 
For positive behaviours of variables ( 'ts )  PaxL zsrqzsrq
tnmtnm
−= '
'
'
'
  (5.14) 
or,  QaxL zsrqzsrq
tnmtnm
−= '
'
'
'
  (5.15) 
For negative behaviours of variables ( 'ts )  PcyL zsrqzsrq
tnmtnm
−= '
'
'
'
 (5.16) 
or,  QcyL zsrqzsrq
tnmtnm
−= '
'
'
'
  (5.17) 
5.4.3 Fuzzy multiple linguistic membership values uniformity conversion 
From Figure 5.3, it is obvious that, for different values of a particular variable 
in the x axis, the same membership function value generates multiple times in the y 
axis. For example, in Figure 5.3, P’ and Q’ generates same membership values. To 
avoid these drawbacks and adjust the direction of multiple linguistic fuzzy numbers, 
this research uses the uniform triangular membership functions of Chang, et al., 
(2006) and Wang, et al., (2009). Equations are expressed as below: 
 For positive behaviour of performance metrics,  
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 min'max' min''' lsrqlsrq lsrqlsrqlsrq tnmtnm tnmtnmtnm xx xx −−=µ                 (5.18) 
For negative behaviour of performance metrics,  
 min'max' 'max'' lsrqlsrq lsrqlsrqlsrq tnmtnm tnmtnmtnm xx xx −−=µ        (5.19)                       ).....max( 'max' ,2,1 lsrqsrqsrqlsrq tnmtnmtnmtnm xxxx =  (5.20) 
  ).....min( 'min' ,2,1 lsrqsrqsrqlsrq tnmtnmtnmtnm xxxx =  (5.21) 
Using Equation 5.18 and Equation 5.19 manufacturers can evaluate the 
leanness of any manufacturing system by generating membership value for each 
performance metrics. Figure 5.4 and Figure 5.5 show the uniformity conversion of 
positive variables (e.g. labour productivity) and negative variables (e.g. assembly 
cost). From these figures, it is evident that each value of x axis has its corresponding 
membership value in y axis, which solves the problem of generating same 
membership values for different x axis in Figure 5.3.  Finally, leanness values are 
comapared in different situations.  
 
Figure 5.4: Uniformity Conversion of Positive Variables 
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Figure 5.5: Uniformity Conversion of Negative Variables 
5.4.4 Calculate overall leanness value 
For each performance metric, the fuzzy membership values are calculated 
using uniformity conversion rules. Finally, the overall leanness is computed by using 
centre of area (COA) i.e. taking the average of all membership values considering 
both cost and benefit metrics (Wang & Mendel, 1992; Behrouzi & Wong, 2011). 
This value can be easily used for leanness evaluation, and gives some directions for 
future improvement as in the following the equation: 
 nLI
n
i
ix
overall
tsnrmq∑
== 1
µ       (5.22) 
where ix tsnrmqµ  is the membership value of each performance metric which is 
calculated by using Equation 5.18 and Equation 5.19 and n is the total number of 
performance metrics. 
The next section briefly describes the steps in measuring leanness. 
Step 1: Determine study scope 
In manufacturing systems, the scope can be a cell, a production line, a 
department, or the whole shop floor, depending on the scope that the value stream 
map covers. The accurate identification of the study scope allows efficient 
implementation of the leanness assessment process. 
Step 2: Map the system’s current state using Process Mapping and VSM 
Process mapping helps to understand all the actions, activities, and operations 
that are applied to the product. Value stream mapping (VSM) helps to identify the 
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customer, supplier, workstations (operations), online buffer areas, and offline 
inventory that are involved in the selected scope of the value stream. The map should 
also illustrate the system’s time performance as well as the logical flow of items and 
information. This step actually documents the overall processes of value-added 
activities and non-value-added activities. 
Step 3: Identify input variables: performance metrics 
In lean philosophy, measures provide a sense of direction as manufacturers 
move from the current state to the future state by aligning with the business’s long-
term goals. For effective performance evaluation, measurement goals must represent 
organizational goals, including the selected study scope. Performance metrics must 
finally lead to create more values for the end customers as well for the organization. 
However, each company should adapt the performance measurement metrics related 
to the particular characteristics that the company poses. It is important to reduce the 
number of established performance metrics to a relatively low number, which is 
more effective for performance evaluation according to the requirements of the 
selected case study. This step identifies the appropriate performance metrics for the 
selected study scope based on lean goal. These identified metrics are then 
categorized into cost metrics and benefit metrics. The cost metrics indicate the 
negative impact on overall performance and the benefit metrics are positively 
correlated with the overall leanness. 
Step 4: Collect and analyse data: performance metrics 
The identified performance metrics require a specific kind of data. For 
example, this study needs detailed information about system structure, processing 
time, resources capacities, waste and non-value added activities. This step assists in 
collecting qualitative and quantitative data for selected performance metrics. 
Step 4.1: Determine quantitative data 
The leanness assessment model utilizes the historical data for measuring 
leanness of the studied system. The variables are quantitative representations of the 
resources and efforts required to operate the manufacturing systems. For example, 
time, resources, manufacturing cost and supplier responsiveness are good 
representations for the required elements of production activities and hence can be 
used as performance variables. On the other hand, the outcomes of the production 
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operations including customer satisfaction, operations efficiency, and resources are 
counted as the major output variables. 
Step 4.2: Determine qualitative data 
The values of a linguistic variable are expressed in linguistic terms. Since 
words are usually less precise than numbers due to their vagueness and subjectivity, 
linguistic variables provide a method to describe ill defined complex systems in 
traditional quantitative terms. A linguistic variable is defined by the name of the 
variable x and the set term C(x) of the linguistic values of x, with each value being a 
fuzzy number defined on U. where U is a collection of objects (universe of 
discourse). Let us suppose, if supplier responsiveness is a linguistic variable, then its 
term set C (supplier responsiveness) = (very low, low, high....), where each term is 
characterized by a fuzzy set in a universe of discourse as an example U = [0, 100]. 
The qualitative data is define by eight fuzzy linguistic terms based on (Herrera, 
et al., 2000) as shown in Table 5.2.  
Table 5.2:  Description of Qualitative Values 
Linguistic Term Range (R) (%)    
None (N) 0 
Very Low (VL) 0<R<30 
Low (L) 30<R<50 
Medium (M) 50<R<60 
High (MH) 60<R<70 
Medium High (H) 70<R<80 
Very High (VH) 80<R<90 
Perfect (P) R>90 
 
Step 5: Calculate fuzzy numbers by using the FB-LAM model 
The developed FB-LAM model is used to find triangular fuzzy numbers based 
on the historical performance data. 
Step 6: Calculate lean range using FB-LAM model 
Using the FB-LAM model and depending of whether the performance metric is 
a benefit (positive) or a cost (negative) metric, the lean range is identified. 
Step 7: Calculate leanness index using the FB-LAM model 
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Uusing the FB-LAM model and based on the historical data the leanness index 
and the optimum leanness value are calculated. 
Step 8: Evaluate the selected lean practices/guidelines 
By creating a new simulation model after lean implementation, the 
performance metrics are calculated and the FB-LAM model is used to calculate the 
leanness level of the improved organization and compare it with the optimum 
leanness value. This step uses the developed decision support tool (DST) of FB-
LAM model which is described in Chapter 6. 
The eight steps are illustrated in Figure 5.6 which can be applied to a 
manufacturing environment to increase understanding about the leanness assessment 
model structure and illustrate its capability in quantifying leanness levels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Leanness Assessment Steps 
5.5 DEMONSTRATION OF LEANNESS ASSESSMENT MODEL: A CASE 
STUDY 
An overview of the selected company (ABC) along with an outline of its 
special market conditions, characteristics and features were provided in the previous 
chapter. Based on the challenges faced by this company, various lean initiatives were 
also suggested in the previous chapter. This chapter examines the impact of these 
strategies by applying the developed leanness assessment model. Finally, 
comparisons of the company’s current and future leanness states are demonstrated. 
Step 2: Map the overall system current tate: documentation of the overall 
processes 
Step 3: Identify system input variables: performance metrics 
Step 5: Calculate fuzzy numbers by using FB-LAM Model 
Step 4: Collect and analysis data: performance metrics 
Step 1: Determination of the study 
 
Step 6: Calculate lean range by using FB-LAM Model 
Step 7 & 8: Calculate leanness level by using FB-LAM Model 
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This research investigates the OSM300 assembly line of workstation 04 (W04) 
as the case study manufacturing process and this is also discussed in Chapter 4. This 
process involves supplier, customer, and manufacturer. The average production time 
to produce a unit of product is anticipated as 120 minutes with $500 assembly cost. 
The order amount was 1200 pieces and started to feed into the OSM300 assembly 
line. However, the production was not running as smoothly as anticipated by the 
manufacturer. Therefore, it was very difficult for the organization to sustain 
production in the competitive market by meeting the customer demand, due to the 
problems associated with the OSM300 assembly line of W04. The company was 
enthusiastic to adopt a lean manufacturing strategy to improve the production 
process, as stated in the earlier chapter, and it developed a lean team accordingly. 
The lean team suggested appropriate lean strategies based on the methodology 
developed by author. 
The targeted wastes were unnecessary motion, setup time, unnecessary 
transportation, inappropriate processing, work in process and raw material inventory. 
Selected lean strategies were 5S, JIT, the Pull/Kanban System, Standard Work 
Process, Cellular Manufacturing, and SMED. Naturally, it is necessary to know the 
existing performance of the manufacturing system to compare it with the 
improvement after lean implementation. Therefore, it is equally essential to define 
the performance factors that affect the overall performance of the OSM300 assembly 
line of W04. Moreover, it is vital to know how much they can improve from the 
existing situation, i.e. what the optimum range of different performance variables for 
lean implementation is. 
This section illustrates how the proposed method can be applied for evaluating 
the product OSM300-38kV assembly process. Although appropriate lean tools were 
suggested for W04 based on the identified wastes, it was not possible to implement 
all the suggested lean tools due to the time constraints of this project. Therefore, this 
study decided to implement one or two of the lean strategies in the current assembly 
line and measure the leanness of the existing and improved situation and thereby 
demonstrate the model developed. 
Before implementing lean strategies, we measured the existing leanness value 
using the developed FB-LAM model. FB-LAM helps to sustain and track the 
progress of implementing these improvement initiatives. The next sections describe 
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the developed leanness assessment methodology to evaluate the leanness of the 
OSM300 assembly line of W04. 
5.5.1 Determination of the study scope 
The leanness assessment model was tested in the W04 as lean strategies were 
selected for this workstation. In order to understand the process and make sure about 
the wastes identified in the previous chapter, further investigation was carried out. 
Unstructured interviews, personal observations, and archival documents were the 
main sources of data. The researcher regularly visited the W04. The assembly related 
activities were analysed, with special attention to prediction and monitoring of the 
low production rate. A detailed description of the OSM300 assembly line was 
provided in the previous chapter. This section briefly describes the determined study 
scope. 
Figure 4.5 shows that W04 gets the required parts and tools for completing its 
jobs from the warehouse and the finished parts from W03. Then, W04 completes its 
jobs and supplies the assembled parts to W05. This research is focusing only on W04 
for lean implementation due to time constraints and company confidentiality issues. 
Therefore, we simplified the entire assembly line, where W04 is considered as a 
complete manufacturing system, and then warehouse and W03 are considered as its 
suppliers and W05 as its customer. This simplified assembly line was provided in 
Figure 4.6. In the next step, selection of performance metrics based on this modified 
system is described. 
5.5.2 Selection of performance metrics 
After determining the study scope, the next step is to select the important 
performance metrics that affect the measurement of overall performance for this 
study’s scope. In Company ABC, different variables including financial measures, 
productivity measures, quality measures, flexibility measures, and safety measures 
are considered as important lean manufacturing factors affecting the overall 
performance of W04. Based on several discussions with the engineering director, 
production manager, and leading hand operator, the author selected 11 lean 
performance metrics to measure overall leanness of the case organization (Table 5.3). 
Metrics can be of two types: (1) measured by numerical (quantitative) and linguistic 
(qualitative) terms; and (2) measured by the direction of improvement. These 
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performance metrics are then transformed to the performance metrics of Workstation 
04 (manufacturing system), Workstation 03 (supplier), the warehouse (supplier) and 
Workstation 05 (customer). 
The selected lean performance metrics for Workstation 04 are: 
manufacturing/assembly cost per unit (dollar), total inventory cost ($/unit/day), 
transportation cost ($/unit/day), time to assemble (min/unit), labour productivity 
unit/day), overall equipment efficiency (%), rework rate (%), customer satisfaction 
(%), supplier responsiveness to demand (%), on-time delivery (%), and operator 
satisfaction (%). The units of measure of these performance metrics are provided in 
Table 5.3. The first column represents the performance measures, the second column 
indicates the performance metrics, the third column illustrates the symbol, the fourth 
column shows the metric type, the fifth column indicates the lean goal of the metrics, 
and the last column in Table 5.3 shows the sources of all data used in this research. 
The direction of the lean goal dictates a manufacturer’s attitude toward a 
performance metric. A downward direction of a lean goal means the manufacturer 
always wants to reduce this metric value and an upward direction of a goal means the 
manufacturer always wants to increase this metric value. 
Table 5.3: Selected Performance Metrics for this Case Study 
Performance 
Measures 
Performance Metrics Metric Type Lean 
Goal 
Sources of 
Data/Departments 
Financial 
 
Manufacturing/Assembly 
Cost ($/unit) 
Quantitative/Cost ↓ Financial and 
Commercial 
Total Inventory Cost 
($/unit per day) 
Quantitative/Cost ↓ Financial and 
Commercial 
Transportation Cost 
($/unit per day) 
Quantitative/Cost ↓ Financial and 
Commercial 
Productivity 
 
Time to Assemble (min) Quantitative/Cost ↓ Production and 
Engineering 
Labour Productivity 
(unit/day) 
Quantitative/Benefit ↑ Production and 
Engineering 
Overall Equipment 
Efficiency (OEE) (%) 
Quantitative/Cost ↑ Production and 
Engineering 
Quality 
 
Rework Rate (%) Quantitative/Benefit ↓ Quality Control 
Customer Satisfaction 
(%) 
Qualitative/Benefit ↑ Merchandizing 
Safety Operator Satisfaction 
(%) 
Quantitative/Cost ↑ Merchandizing 
Flexibility 
 
Supplier Responsiveness 
(%) 
Qualitative/Benefit ↑ Supply Chain 
On-time Delivery (%) Qualitative/Benefit ↑ Supply Chain 
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5.5.3 Collecting manufacturing data before lean implementation 
The data relevant to the quantitative and qualitative indicators were collected 
from the case organization’s database and informal interviews with the management. 
Data have been collected during the period of the case study and are provided in 
Table 5.4. We have taken eight observations of Workstation 04 and data have been 
collected for each observation. Each observation was for a different situation or for 
the same situation at a different time for the particular process. The performance 
metrics are calculated based on the definition provided in Table 5.1. In the next 
section, performance metrics are converted into triangular fuzzy numbers following 
the steps provided in Section 5.4. 
5.5.4 Determination of triangular fuzzy numbers 
This step followed the conversion method provided in Section 5.4 to convert 
both the qualitative and quantitative data into fuzzy numbers. According to the 
algorithm provided in Figure 5.1, for example, the sequence of collected data for 
manufacturing/assembly cost is 500.05, 480.23, 475.23, 499.55, 465.78, 472.38, 
470.38, and 478.23. Then the collected different metric values are arranged in 
ascending order and provided in Table 5.5. The ascending order for 
manufacturing/assembly cost is 465.78, 470.38, 472.38, 475.23, 478.23, 480.23, 
499.55, and 500.50. Then, the difference between the adjacent data is calculated and 
provided in Table 5.6. The difference between adjacent data provides the information 
about the similarity between them. In order to obtain the similarity value between 
adjacent data, this research converts the difference values to a real number between 0 
and 1. The standard deviation of each performance metric is provided in Table 5.7 as 
a part of generating similarity values. After finding the difference values and 
standard deviation values, similarities of difference values for each performance 
metric is calculated. Prior to calculating the similarities values, Table 5.8 and Table 
5.9 are generated based on the steps provided in Section 5.4. Finally, similarity 
values of each performance metric are calculated and presented in Table 5.10. The 
central vertex point ‘b’ can be found by using Equation 5.7. Then, the vertexpoint ‘a’ 
and extreme vertex point ‘c’ are calculated by using Equations 5.8 and 5.9. 
Triangular fuzzy numbers for all performance metrics are calculated and presented in 
Table 5.11. Figures 5.7 to 5.10 show membership functions of some of the 
performance metrics. 
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Table 5.4: Metrics Values for Selected Lean Performance Metrics 
Measures Performance Metrics Observations 
1 2 3 4 5 6 7 8 
Financial Manufacturing/Assembly 
Cost ($/unit) 
500.5 480.23 475.23 499.55 465.78 472.38 470.38 478.23 
Financial Total Inventory Cost ($/unit 
per day) 
65.23 90.5 80.5 78.5 90.3 85.23 70.3 120.3 
Financial Transportation Cost ($/unit 
per day) 
42.8571 33.1521 21.2686 16.8478 13.2352 17.7631 15.7407 27.2727 
Productivity Time to Assemble (min) 192.86 169.57 141.04 130.43 121.76 132.63 127.78 155.45 
Productivity Labour Productivity 
(unit/day) 
2.04 2.7 3.19 3.5 4.01 3.39 3.55 2.89 
Productivity Overall Equipment Efficiency 
(OEE) (%) 
50.8 67.23 73.8 82 90.5 77.8 85.4 57.8 
Quality Rework Rate (%) 20.25 15.35 12.65 10.22 5.25 11.33 7.66 17.25 
Quality Customer Satisfaction (%) 40 (L) 50 (M) 60 (M) 80 (VH) 85(VH) 75 (H) 70 (H) 55 (M) 
Health & Safety Operator Satisfaction (%) 45  (L) 55 (M) 60 (MH) 80 (VH) 85 (VH) 80 (VH) 75 (H) 50 (M) 
Flexibility Supplier Responsiveness (%) 45 (L) 55 (M) 68 (MH) 78 (H) 85 (VH) 75 (H) 65 (MH) 50 (M) 
Flexibility On-time Delivery (%) 50 (M) 55 (M) 60.5 (MH) 75.26 (H) 76 (H) 55.38 (M) 70.45 (H) 60.45 
(MH) 
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Table 5.5: Data in Ascending Order 
Performance Metrics Observation 
1 2 3 4 5 6 7 8 
Manufacturing/Assem
bly Cost ($/unit) 
465.78 470.38 472.38 475.23 478.23 480.23 499.55 500.5 
Total Inventory Cost 
($/unit per day) 
65.23 70.3 78.5 80.5 85.23 90.3 90.5 120.3 
Transportation Cost 
($/unit per day) 
13.235
2 
15.740
7 
16.847
8 
17.7631 21.268
6 
27.272
7 
33.152
1 
42.857
1 
Time to Assemble 
(min) 
121.76 127.78 130.43 132.63 141.04 155.45 169.57 192.86 
Labour Productivity 
(unit/day) 
2.04 2.7 2.89 3.19 3.39 3.5 3.55 4.01 
Overall Equipment 
Efficiency (OEE) (%) 
50.8 57.8 67.23 73.8 77.8 82 85.4 90.5 
Rework Rate (%) 5.25 7.66 10.22 11.33 12.65 15.35 17.25 20.25 
Customer Satisfaction 
(%) 
40 50 55 60 70 75 80 85 
Operator Satisfaction 
(%) 
45 50 55 60 75 75 80 85 
Supplier 
Responsiveness (%) 
45 55 55 65 68 75 78 85 
On-time Delivery (%) 50 55 55.38 60.45 60.5 70.45 75.26 76 
 
Table 5.6: Difference Calculation of Adjacent Data 
Performance Metrics Difference between Consecutive Data 
Manufacturing/Assembly 
Cost ($/unit) 
4.6 2 2.85 3 2 19.32 0.95 
Total Inventory Cost 
($/unit per day) 
5.07 8.2 2 4.73 5.07 0.2 29.8 
Transportation Cost 
($/unit per day) 
2.5055 1.1071 0.9153 3.5055 6.0041 5.8794 9.705 
Time to Assemble (min) 6.02 2.65 2.2 8.41 14.41 14.12 23.29 
Labour Productivity 
(unit/day) 
0.66 0.19 0.3 0.2 0.11 0.05 0.46 
Overall Equipment 
Efficiency (OEE) (%) 
7 9.43 6.57 4 4.2 3.4 5.1 
Rework Rate (%) 2.41 2.56 1.11 1.32 2.7 1.9 3 
Customer Satisfaction 
(%) 
10 5 5 10 5 5 5 
Operator Satisfaction (%) 5 5 5 15 0 5 5 
Supplier Responsiveness 
(%) 
10 0 10 3 7 3 7 
On-time Delivery (%) 5 0.38 5.07 0.05 9.95 4.81 0.74 
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Table 5.7: Standard Deviation of each Performance Metrics 
Performance Metrics Standard Deviation 
Manufacturing/Assembly Cost ($/unit) 5.96 
Total Inventory Cost ($/unit per day) 9.26 
Transportation Cost ($/unit per day) 2.93 
Time to Assemble (min) 7.03 
Labour Productivity (unit/day) 0.20 
Overall Equipment Efficiency (OEE) (%) 1.97 
Rework Rate (%) 0.66 
Customer Satisfaction (%) 2.26 
Operator Satisfaction (%) 4.16 
Supplier Responsiveness (%) 3.53 
On-time Delivery (%) 3.32 
 
Table 5.8: Ratio of Difference to Standard Deviation Values 
Performance Metrics diff/C*STDEVP 
Manufacturing/Assembly 
Cost ($/unit) 
0.19 0.08 0.12 0.13 0.08 0.81 0.04 
Total Inventory Cost 
($/unit per day) 
0.14 0.22 0.05 0.13 0.14 0.01 0.80 
Transportation Cost 
($/unit per day) 
0.21 0.09 0.08 0.30 0.51 0.50 0.83 
Time to Assemble (min) 0.21 0.09 0.08 0.30 0.51 0.50 0.83 
Labour Productivity 
(unit/day) 
0.83 0.24 0.38 0.25 0.14 0.06 0.58 
Overall Equipment 
Efficiency (OEE) (%) 
0.89 1.20 0.83 0.51 0.53 0.43 0.65 
Rework Rate (%) 0.91 0.96 0.42 0.50 1.02 0.71 1.13 
Customer Satisfaction 
(%) 
1.11 0.55 0.55 1.11 0.55 0.55 0.55 
Operator Satisfaction (%) 0.30 0.30 0.30 0.90 0.00 0.30 0.30 
Supplier Responsiveness 
(%) 
0.71 0.00 0.71 0.21 0.50 0.21 0.50 
On-time Delivery (%) 0.38 0.03 0.38 0.00 0.75 0.36 0.06 
 
 
 
 
 
 
 
 Chapter 5: Fuzzy Based Leanness Assessment Model 131 
Table 5.9: Similarity Value with Positive and Negative Values 
Performance Metrics 1- Diff/C*STDEVP values 
Manufacturing/Assembly 
Cost ($/unit) 
0.81 0.92 0.88 0.87 0.92 0.19 0.96 
Total Inventory Cost 
($/unit per day) 
0.86 0.78 0.95 0.87 0.86 0.99 0.20 
Transportation Cost 
($/unit per day) 
0.79 0.91 0.92 0.70 0.49 0.50 0.17 
Time to Assemble (min) 0.79 0.91 0.92 0.70 0.49 0.50 0.17 
Labour Productivity 
(unit/day) 
0.17 0.76 0.62 0.75 0.86 0.94 0.42 
Overall Equipment 
Efficiency (OEE) (%) 
0.11 -0.20 0.17 0.49 0.47 0.57 0.35 
Rework Rate (%) 0.09 0.04 0.58 0.50 -0.02 0.29 -0.13 
Customer Satisfaction 
(%) 
-0.11 0.45 0.45 -0.11 0.45 0.45 0.45 
Operator Satisfaction 
(%) 
0.70 0.70 0.70 0.10 1.00 0.70 0.70 
Supplier Responsiveness 
(%) 
0.29 1.00 0.29 0.79 0.50 0.79 0.50 
On-time Delivery (%) 0.62 0.97 0.62 1.00 0.25 0.64 0.94 
 
Table 5.10: Similarity Values of each Performance Metrics  
Performance Metrics Similarity Values 
s1 s2 s3 s4 s5 s6 s7 
Manufacturing/Assembly 
Cost ($/unit) 
0.81 0.92 0.88 0.87 0.92 0.19 0.96 
Total Inventory Cost 
($/unit per day) 
0.86 0.78 0.95 0.87 0.86 0.99 0.20 
Transportation Cost 
($/unit per day) 
0.79 0.91 0.92 0.70 0.49 0.50 0.17 
Time to Assemble (min) 0.79 0.91 0.92 0.70 0.49 0.50 0.17 
Labour Productivity 
(unit/day) 
0.17 0.76 0.62 0.75 0.86 0.94 0.42 
Overall Equipment 
Efficiency (OEE) (%) 
0.11 0.00 0.17 0.49 0.47 0.57 0.35 
Rework Rate (%) 0.09 0.04 0.58 0.50 0.00 0.29 0.00 
Customer Satisfaction 
(%) 
0.00 0.45 0.45 0.00 0.45 0.45 0.45 
Operator Satisfaction (%) 0.70 0.70 0.70 0.10 1.00 0.70 0.70 
Supplier Responsiveness 
(%) 
0.29 1.00 0.29 0.79 0.50 0.79 0.50 
On-time Delivery (%) 0.62 0.97 0.62 1.00 0.25 0.64 0.94 
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Table 5.11: Triangular Fuzzy Numbers 
Performance Metrics b a c 
Manufacturing/Assembly Cost 
($/unit) 
479.79 462.52 505.32 
Total Inventory Cost ($/unit per 
day) 
81.10 61.38 129.81 
Transportation Cost ($/unit per 
day) 
19.81 11.87 47.64 
Time to Assemble (min) 137.54 118.48 204.35 
Labour Productivity (unit/day) 3.27 1.80 4.16 
Overall Equipment Efficiency 
(OEE) (%) 
79.41 50.80 90.50 
Rework Rate (%)  11.72 5.25 20.25 
Customer Satisfaction (%) 70.00 40.00 85.00 
Operator Satisfaction (%) 65.94 42.68 87.11 
Supplier Responsiveness (%) 66.78 35.99 92.54 
On-time Delivery (%) 63.19 45.61 80.26 
 
 
Figure 5.7: Membership Function of Assembly Cost                        
 
Figure 5.8: Membership Function of Inventory Cost 
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Figure 5.9: Membership Function of Transportation Cost                
 
Figure 5.10: Membership Function of Time to Assemble 
5.5.5 Find the lean range for lean implementation 
As shown in the above Table 5.11, fuzzy numbers for the assembly cost per 
unit are calculated as (a = $462.52), (b = $479.79) and (c = $505.32). Since 
increasing the value of the assembly cost per part negatively impacts on the overall 
leanness value, the target is to reduce the assembly cost per unit toward the minimum 
value i.e. toward point a. This research sets the initial target for reduction of this 
value to point b where performance is optimum based on triangular fuzzy 
membership concepts (Section 5.4.2), considering other interrelated performance 
metrics. Therefore, the lean implementation target for assembly cost per unit is 
$479.79 to $505.32. This means the manufacturer will implement a lean strategy so 
that they can reduce their cost per partfrom $505.32 to $479.79. Hence, $479.79 is 
the optimum leanness point for the assembly cost per unit.  
At the same time, the optimum range of other performance metrics is also be 
calculated and optimum point is determined. After achieving this optimum value, 
ABC will revise the target and implement other lean strategies to achieve the new 
target. It is important to collect all the performance metrics data together to observe 
the effect of lean strategies on each performance metrics. Because, some of the cost 
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metrics could be improved and some benefits metrics could be deteriorated. For 
example, the quality of a product can be deteriorated if further cost per part reduction 
occurs. From fuzzy numbers, optimum ranges of performance variables under lean 
attributes are identified using Equations 5.14, Equation 5.15, Equation 5.16 and 
Equation 5.17, based on the behaviour of the variables. These ranges are used as lean 
implementation limits for ABC’s W04. This also gives an indication of the direction 
of improvement of the selected performance metrics. The lean ranges for different 
performance metrics are provided in Table 5.12. 
5.5.6 Finding the leanness value 
This step fuzzifies the inputs and obtains the performance of each variable. The 
uniformity conversion method described in Section 5.4 is used to find the 
membership value of each variable. Equation 5.18 and Equation 5.19 are used for 
computing fuzzy membership values of positive and negative performance variables, 
respectively. The fuzzy output is defuzzified using the centre of area (COA) method 
and using the developed FB-LAM module described in Chapter 6 and Equation 5.22. 
The leanness value of existing manufacturing system (i.e. W04) and the optimum 
leanness value are presented in Table 5.13. 
Table 5.12: Lean Ranges for Lean Implementation of each Lean Performance Metric 
Performance Metrics Fuzzy Number Direction of 
improvement 
Lean 
Range 
Behaviour 
b a c 
Manufacturing/Assembly 
Cost ($/unit) 
479.79 462.52 505.32 c-b  
479.79-
505.32 
Negative 
Total Inventory Cost ($/unit 
per day) 
81.10 61.38 129.81 c-b 81.10-
129.21 
Negative 
Transportation Cost ($/unit 
per day) 
19.81 11.87 47.64 c-b 19.81-
47.64 
Negative 
Time to Assemble (min) 137.54 118.48 204.35 c-b 137.54-
204.35 
Negative 
Labour Productivity 
(unit/day) 
3.27 1.80 4.16 a-b 1.8-
3.27 
Positive 
Overall Equipment 
Efficiency (OEE) (%) 
79.41 50.80 90.50 a-b 50.80-
79.41 
Positive 
Rework Rate (%) 11.72 5.25 20.25 c-b 20.25-
11.72 
Negative 
Customer Satisfaction (%) 70.00 40.00 85.00 a-b 40.00-
70.00 
Positive 
Operator Satisfaction (%) 65.94 42.68 87.11 a-b 42.68-
65.94 
Positive 
Supplier Responsiveness 
(%) 
66.78 35.99 92.54 a-b 35.99-
66.78 
Positive 
On-time Delivery (%) 63.19 45.61 80.26 a-b 45.61-
63.19 
Positive 
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Table 5.13: Membership Value of each Performance Metric for Present Condition 
Performance Metrics Current 
Metrics 
Value 
Current 
Leanness 
Value 
Optimum Metrics 
Value 
Optimum 
Leanness 
Value 
Manufacturing/Assembly Cost 
($/unit) 
501.20 0.10 479.79 0.60 
Total Inventory Cost ($/unit per day) 121.35 0.12 81.10 0.71 
Transportation Cost ($/unit per day) 45.20 0.07 19.81 0.78 
Time to Assemble (min) 198.50 0.07 137.54 0.78 
Labour Productivity (unit/day) 2.04 0.10 3.27 0.63 
Overall Equipment Efficiency (OEE) 
(%) 
55.20 0.11 79.41 0.72 
Rework Rate (%) 18.22 0.14 11.72 0.57 
Customer Satisfaction (%) 45.00 0.11 70.00 0.67 
Operator Satisfaction (%) 50.00 0.16 65.94 0.52 
Supplier Responsiveness (%) 45.00 0.16 66.78 0.54 
On-time Delivery (%) 50.00 0.13 63.19 0.51 
Overall Leanness Value  0.12  0.64 
 
The overall leanness value is 12 out of 100, which represents the overall 
leanness value of ABC’s existing Workstation 04. The individual leanness values for 
assembly cost, inventory cost, transportation cost, time to assemble, labour 
productivity, OEE, rework rate, customer satisfaction, operator satisfaction, supplier 
responsiveness, and on-time-delivery are 0.10, 0.12, 0.07, 0.07, 0.10, 0.11, 0.14, 
0.11, 0.16, 0.16, and 0.13, respectively. However, time to assemble and 
transportation cost show the least leanness values among all the performance values. 
This also conforms to the wastes (i.e. unneeded motion) identified in W04 in the 
previous chapter. However, operator satisfaction is high in comparison to other 
factors. 
This research also calculated the optimum leanness value at optimum point b, 
which was 64%. This indicates that there is a need for implementing lean strategies 
to improve W04, and that wastes exist at W04. Figure 5.11 shows the graphical 
representation of all performance metrics of ABC and the gap between the existing 
leanness value and the target for future improvement is indicated by the optimum 
leanness value. In this Figure, the blue line shows the existing leanness value and the 
red line shows the optimum leanness value.  
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Figure 5.11: Comparison of Existing Performance with Optimum Leanness Value  
5.6 SIGNIFICANCE OF LEANNESS VALUE 
To start an improvement cycle, lean metrics are employed to evaluate the 
effectiveness of lean strategies during the implementation. However, an individual 
lean metric monitors improvements only in a focused area. Lean strategies often 
deliver positive impacts on some performance areas with negative impacts on the 
others. For example, implementation of cellular manufacturing can reduce the time to 
assemble per unit. At the same time, it can also increase the overhead cost due to the 
associated lean implementation cost.  The tradeoffs between different lean initiatives 
are difficult to justify without an index of the impact on overall leanness. The 
developed fuzzy based leanness measure offers an integrated measure to quantify the 
overall leanness level of manufacturing processes. The final score is a single, unit-
less, and integrated leanness value. According to the leanness measurement method, 
this value shows the overall performance of a manufacturing system considering 
multiple attributes. This simple number provides a concise means to evaluate lean 
performance to continuously improve it. The overall leanness is the result of average 
leanness of all sub-metrics, thus the worst result can be tracked layer by layer. 
Moreover, each performance category can be analysed and problematic areas can be 
addressed. In addition, the leanness values at different times can be recorded and 
analysed to clearly explore irregularity in performance or unsatisfactory progress. 
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This information can also help managers and decisions makers to find and diagnose 
the problems in their processes. 
5.7 IMPLEMENTATION OF SUGGESTED LEAN STRATEGIES 
As mentioned earlier, the leanness value for W04 at ABC, computed using a 
fuzzy membership approach, was found to be 0.12 (12%). Individual performance 
values show the weakness of the different performance metrics of W04 at the 
OSM300 assembly line.  Different lean tools were suggested in the previous chapter 
to improve the leanness value. The lean team suggested appropriate lean strategies 
based on the methodology developed by author. The targeted wastes were 
unnecessary motion, setup time, unnecessary transportation, inappropriate 
processing, work in process and raw material inventory and suggested lean strategies 
were 5S, JIT, Pull/Kanban System, Standard Work Process, Cellular Manufacturing, 
and SMED. The next section describes the implementation of lean strategies in detail 
in ABC. Due to time constraints, the team mainly focused on implementing 5S as 
one of the lean strategies to improve the current W04. 
5.7.1 5S implementation 
Analysing the W04, it was decided that conditions may be improved by 
introducing the following steps: 
• Provide a better shelving system and bin arrangement 
• Remove unneeded materials from the shelf such as gloves, paint cans and 
cloths 
• Keep the bulk items in their specified locations 
• Perform scheduled cleaning every day to ensure cleanliness around the 
workstation 
• Use a two-bin Kanban system to avoid the empty bins 
The 5S lean tool was implemented in the W04 for better part and tools 
management during operation. A detailed description of 5S was provided in Chapter 
2. The lean team made a 5S checklist for considering first three 5S principles: sort, 
set in order, and shine. For this checklist, several conditions of the workstation were 
considered and the workstation was then observed during the operation using it. The 
checklist lists the particular points of interest i.e. criteria, and a score from 1 to 4 was 
given depending on the condition found at the time. A score of 4 was given if the 
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condition met the criteria in full, while a score of 1 was given when the condition 
was such that the criteria were excluded. 
The regular observation of the checklists provided the means to assess how 
consistently the company adheres to the 5S foundations as a part of vital lean 
manufacturing tools towards better productivity. The 5S checklists were taken to the 
workstation every day during the day shift. After completing the observations and the 
checklist, the numbers were added together to represent the overall 5S score within 
the workstation. The observations were conducted five times in a week to measure 
how the operators kept maintaining their workstation as part of the last 5S principle: 
sustain. Table 5.14 provides the results of the 5S checklists for W04. 
Table 5.14: 5S Checklist for Workstation 04 
5S Criteria Score 
Observations 
1 2 3 4 5 
Sort The number of fasteners are according to BOM 4 4 4 4 4 
There are no unneeded items on the shelf (e.g. 
tools, cloth) 
1 2 1 2 1 
Set in Order The bins of parts on the shelf are properly 
organized 
1 1 1 1 1 
The shelf on the workstation is properly 
organized 
3 3 3 3 3 
Bins are always kept at their location 4 4 4 4 4 
There are no noticeable empty bins around 2 3 1 3 2 
Bulk items are kept in their locations 2 2 1 1 1 
There is no mix up of materials 2 2 3 3 2 
Shine 
 
There is no rubbish around the work area 3 3 2 3 2 
There is no dirt or dust found in the work area 3 2 2 2 3 
Total score after 5S implementation 25 26 22 26 23 
 
As can be seen in Table 5.14, a rating of 4 was given throughout the 
observations for the number of the fasteners used as they match with the BOM list. 
Another significant point found at this workstation is how the operators keep the bins 
in their place. It was found that poor bin arrangement without proper planning 
contributes to the waste, as the operators spend time finding certain fasteners. Empty 
bins were found during observations and therefore this was rated from 1 to 3 
reflecting how many empty bins were present. Unorganized materials such as gloves, 
cloths and spray cans were found across the area. Some rubbish and dirt was 
commonly present on the floor and this needed to be cleaned every day.  
 Chapter 5: Fuzzy Based Leanness Assessment Model 139 
5.7.2 Leanness assessment after 5S implementation 
Data relevant to performance metrics were calculated again after implementing 
5S. The resulting leanness scores are listed in Table 5.15 and graphically shown in 
Figure 5.12 (with a black line for the situation before leanness introduction, a green 
line after leanness introduction, and a red line for the optimum leanness value). A 
month after 5S introduction, the improved average leanness score was 0.19 (19%), 
representing the overall leanness level of W04, for the purposes of this study.  
This score shows the improvement of W04 from the previous leanness level of 
0.12, due to implementing 5S in the workstation. This means implementing lean 
strategies improves the overall leanness of the system. From Table 5.15, it is evident 
that almost all of the performance values improved due to the implementation of 5S.  
However, it can be seen that supplier responsiveness remains the same. This 
indicates that 5S has less impact on supplier performance since it is a tool for 
workstation management. Interestingly, operator satisfaction level dropped 
significantly. This shows that the shop floor operators are reluctant to embrace any 
change in their working process.  
Table 5.15: Leanness Performance Value before and after Lean Implementation 
Performance Metrics Metrics 
Value 
before 
Lean 
Leanness 
Value 
before Lean 
Metrics 
Value 
after 5S 
Leanness 
Value after 
5S 
Manufacturing/Assembly Cost 
($/unit) 
501.20 0.10 498.50 0.16 
Total Inventory Cost ($/unit per 
day) 
121.35 0.12 118.20 0.17 
Transportation Cost ($/unit per 
day) 
45.20 0.07 34.90 0.36 
Time to Assemble (min) 198.50 0.07 180.20 0.28 
Labour Productivity (unit/day) 2.04 0.10 2.12 0.14 
Overall Equipment Efficiency 
(OEE) (%) 
55.20 0.11 60.40 0.24 
Rework Rate (%) 18.22 0.14 17.22 0.20 
Customer Satisfaction (%) 45.00 0.11 48.00 0.18 
Operator Satisfaction (%) 50.00 0.16 45.00 0.05 
Supplier Responsiveness (%) 45.00 0.16 45.00 0.16 
On-time Delivery (%) 50.00 0.13 52.25 0.19 
Overall Leanness Value  0.12  0.19 
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Figure 5.12: Leanness Performance comparison before Lean, after Lean and Optimum Value 
However, 5S improves the transportation and time to assemble per unit of a 
product performance to a great extent. It also improves the on-time delivery of the 
assembled product to the next workstation. This analysis also establishes that lean 
strategies often deliver positive impacts on some performance areas (e.g. 
transportation cost) while have no impact on others (e.g. supplier responsiveness) or 
even a negative impact (e.g. operator satisfaction). This also proves that a lean tool is 
not applicable for all purposes. 
In general, lean implementation achieved better performance than the situation 
before the implementation since labour productivity, customer satisfaction, and on-
time delivery increased while the time to assemble per piece, inventory cost, and 
transportation cost decreased. This performance improvement reduced the gap 
between the actual leanness of 0.12 and the leanness benchmark recording of 0.64 – 
calculated using the FB-LAM model (Equation 5.22) as illustrated in Figure 
5.10.Based on the results, the manufacturer should implement other suggested lean 
strategies in order to improve its leanness level. 
In the next section, this research will examine the impact of other suggested 
lean strategies. As we implemented 5S and achieve some improvement in the 
existing process, in the next section, the author proposed MTM as a standard work 
process tool to improve the assembly process and labour productivity. MTM is a tool 
that suggests significant change in product design. As it was not possible to 
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implement MTM because of time constraint, only theoretical analysis is done in the 
next section. 
5.8 METHOD-TIME MEASUREMENT (MTM) 
The major waste found in ABC was related to time wasted by operators. Most 
of the activities in the W04 are done manually by the operators. Therefore, operator 
performance is an important factor for achieving higher productivity level. In Figure 
5.12, it was found that transportation cost and time to assemble have the lowest 
leanness values, which actually causes low labor productivity. Therefore, the lean 
team decided to further explore the ways to improve the labor productivity in W04.  
The systematic identification of waste or inefficiency is essential for 
eliminating wasteful activities from the process. Hence, it is important to evaluate the 
overall process along with individual processes which combine to constitute the 
overall process. The author utilized MTM as a standard work process lean tool for 
evaluating the time needed for each manual assembly process as well as every 
activity. MTM is a predetermined time and motion system and can be used to suggest 
how to redesign parts as well as the assembly process in order to reduce assembly 
time. The time unit for an MTM motion is described as a time measurement unit 
(TMU; 1 TMU = 0.036 sec) (Karger & Bayha, 1987). MTM contributes to the 
evaluation of assembly time and productivity improvement through its time 
determination method and its systematic analysis of processes. MTM focuses on 
optimization of the individual activities and workstations (through consideration of 
single processes). 
A fundamental concept of lean production and the continuous improvement 
process (CIP) that is decisively responsible for raising productivity is the 
identification and elimination of waste. This ensures that e.g. movement due to 
getting parts, getting tools, rework, and other wasteful or non-value enhancing 
aspects are removed from, or at least minimized within the processes. It is necessary 
to assess the amount of waste in order to evaluate the results of improvement 
measures. MTM process building blocks meet this requirement particularly well as 
every simulated or actual change to an operating procedure is immediately 
quantifiable in terms of time – and subsequently in terms of cost. 
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The MTM analysis includes seven different basic motions to describe any 
manual operation or method namely: reach, grasp, move, position, release, 
disengage, and turn. Each motion requires a predetermined time standard which is 
determined by the nature of the motion and the conditions under which it is made 
(Karger & Bayha, 1987). The seven basic MTM motions along with their motion 
tables are described in Appendix E. These motions have been adapted as the basis of 
the MTM analysis, using the following steps: 
• Select an existing or new product and production/assembly line to be 
analysed by the MTM analysis tool developed in Chapter 6. 
• Update the central product development database using the user interface 
to update the product information. 
• Break down all activities into 7 basic MTM motions with time spent  for 
each (reach, grasp, move, position, release, disengage, turn) 
• Start the MTM analysis 
• Select the correct workstation 
• Create the part list 
• Create the tool list 
• Edit the position matrix 
• Edit the grasp matrix 
• Edit the overall assembly performance with all matrix  
Based on these above steps and decision model provided in Appendix E, an 
MTM analysis module was developed and provided in Chapter 6. 
5.8.1 MTM analysis of exiting auxiliary switch 
The main components of the OSM300-38kV series are vacuum interrupter, 
push rod-insulating, actuator, epoxy housing, silicon bushing extension, terminal, 
tank, and auxiliary switches (Figure 5.13). It was observed from the video record and 
time study analysis that the sub-assembly of the auxiliary switch takes the longest 
time for an operator to perform. Therefore, the lean team decided to analyse the 
assembly process of the switch. 
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Figure 5.13: OSM300-38kV Series Cross Section 
Due to time constrints of this project, this research has taken a case study 
(Shetty, 2002) to illustrate and investigate the function of MTM analysis, because 
this example switch also has similar features to the original one. Moreover, this 
research considered Shetty’s auxiliary switch since he suggested also improved 
design of that switch.   
The existing design for the switch contains 18 parts, as seen in Table 5.16. The 
original design of auxiliary switch is shown in Figure 5.14. This design uses different 
parts, screws and springs. Most of the time, screws are used to join parts instead of 
snap-fit fasteners. The total material cost for the original switch is 13.82 AUD. Prices 
of individual parts, tools, utilities, and materials are estimated to describe the 
function of the MTM analysis. Using MTM, the existing auxiliary switch is first 
analysed. In order to reduce time and cost, a redesigned switch is considered. 
Reductions in the number of parts as well as the use of “snap-together” fasteners are 
the main aspects of the redesigned object. 
Using seven MTM motions, the assembly process of original auxiliary switch 
is described. Table 5.17 displays the complete MTM analysis of the existing 
auxiliary switch. Detail procedure for MTM analysis is provided in Chapter 6. 
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Table 5.16: Components and Specifications of Auxiliary Switch 
Number Part Name Quantity Thickness 
[mm] 
Length [mm] Price [AUD] 
1 Switch Base 1 15 29 1.99 
2 Terminals 3 9 8 0.39 
3 Centre Terminal 
Contact 
1 6 8 0.59 
4 Terminal Screw 3 7 7 0.25 
5 Contact Rocker 1 4 22 0.49 
6 Base Cover 1 3 29 1.19 
7 Switch Plunger 1 4 16 1.39 
8 Switch Spring 1 3 20 0.99 
9 Switch Toggle 1 9 35 1.55 
10 Mounting Cover 1 13 19 1.99 
11 Mounting 
Hardware 
1 2 16 1.09 
12 Terminal Screw 
Short 
3 7 4 0.21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14: Original Design of Auxiliary Switch  
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Table 5.17: MTM Analysis of Auxiliary Switch  
Position Description Motion Code TMU Parts Tools Labour Costs
01 Reach to Switch Base Reach R20C 11.4 0.029
02 Grasp Switch Base Grasp G4B 9.1 Switch_Base, Container_Small, 0.023
03 Move Switch Base to assembly jig Move M20A 9.6 0.024
04 Release Switch Base Release RL1 2.0 0.005
05 Reach to Terminals Reach R20C 11.4 0.029
06 Grasp Terminal 1 Grasp G4B 9.1 Terminals, Container_Small, 0.023
07 Regrasp Grasp G2 5.6 0.014
08 Grasp Terminal 2 Grasp G4B 9.1 Terminals, Container_Small, 0.023
09 Move Terminals Move M20C 11.7 0.029
10 Reach to Terminal Screws Short Reach R20C 11.4 0.029
11 Grasp Terminal Screw Short 1 Grasp G4B 9.1
Terminal_Screw_S
hort, Container_Small, 0.023
12 Regrasp Grasp G2 5.6 0.014
13 Grasp Terminal Screw Short 2 Grasp G4B 9.1
Terminal_Screw_S
hort, Container_Small, 0.023
14 Move Terminal Screws Short Move M20C 11.7 0.029
15 Position SW & T & TSS 1 Position P2SD 21.8
Switch_Base, 
Terminals 0.055
16 Screwing 180 Turn T180S 9.4 0.024
17 Regrasp Grasp RL1 5.6 0.014
18 Screwing 180 Turn T180S 9.4 0.024
19 Regrasp Grasp G2 5.6 0.014
20 Move TS 2 Move M2C 2.0 0.005
21 Position SW & T & TSS 2 Position P2SD 21.8
Switch_Base, 
Terminals 0.055
22 Screwing 180 Turn T180S 9.4 0.024
23 Regrasp Grasp RL1 5.6 0.014
24 Screwing 180 Turn T180S 9.4 0.024
25 Release Release RL1 2.0 0.005
26 Reach to Center Terminal Contact Reach R20C 11.4 0.029
27 Grasp CTC Grasp G4B 9.1
Center_Terminal_
Contact, Container_Small, 0.023
28 Move CTC Move M20C 11.7 0.029
29 Reach to Terminal Screw Short Reach R20C 11.4 0.029
30 Grasp Terminal Screw Short 3 Grasp G4B 9.1
Terminal_Screw_S
hort, Container_Small, 0.023
31 Move TSS 3 Move M20C 11.7 0.029
32 Reach Terminal 3 Reach R20C 11.4 0.029
33 Grasp Terminal 3 Grasp G4B 9.1 Terminals, Container_Small, 0.023
34 Move Terminal 3 Move M20C 11.7 0.029
35 Position TSS3 & CTC & T3 Position P2SD 21.8
Center_Terminal_
Contact, Terminals 0.055
36 Screwing 180 Turn T180S 9.4 0.024
37 Regrasp Grasp G2 5.6 0.014
38 Screwing 180 Turn T180S 9.4 0.024
39 Release Release RL1 2.0 0.005
40 Reach to Contact Rocker Reach R20C 11.4 0.029
41 Grasp CR Grasp G4B 9.1 Contact_Rocker, Container_Small, 0.023
42 Move CR Move M20C 11.7 0.029
43 Position CTC & CR Position P1SSE 9.1
Center_Terminal_
Contact, 
Contact_Rocker 0.023
44 Release Release RL1 2.0 0.005
45 Reach to Switch Plunger Reach R20C 11.4 0.029
46 Grasp SP Grasp G4B 9.1 Switch_Plunger, Container_Small, 0.023
47 Move SP Move M20B 10.5 0.026  
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Position Description Motion Code TMU Parts Tools Labour Costs
48 Reach to Base Cover Reach R20C 11.4 0.029
49 Grasp BC Grasp G4B 9.1 Base_Cover, Container_Medium, 0.023
50 Move BC Move M20C 11.7 0.029
51 Position BC & SP Position P1SE 5.6
Base_Cover, 
Switch_Plunger 0.014
52 Release Release RL1 2.0 0.005
53 Move BC & SP to SB Move M10C 7.9 0.020
54 Reach to Switch Spring Reach R20C 11.4 0.029
55 Grasp SS Grasp G4B 9.1 Switch_Spring, Container_Small, 0.023
56 Move SS Move M20C 11.7 0.029
57 Position SS & SP Position P1SE 5.6
Switch_Spring, 
Switch_Plunger 0.014
58 Release Release RL1 2.0 0.005
59 Reach to Switch Toogle Reach R20C 11.4 0.029
60 Grasp ST Grasp G4A 7.3 Switch_Toggle, Container_Medium, 0.018
61 Move ST Move M20C 11.7 0.029
62 Position ST & SP Position P1SE 5.6
Switch_Toggle, 
Switch_Plunger 0.014
63 Release Release RL1 2.0 0.005
64 Reach to Mountng Cover Reach R20C 11.4 0.029
65 Grasp MC Grasp G4A 7.3 Mounting_Cover, Container_Medium, 0.018
66 Move MC Move M20B 10.5 0.026
67 Reach to Mounting Hardware Reach R20C 11.4 0.029
68 Grasp MH Grasp G4B 9.1
Mounting_Hardwar
e, Container_Small, 0.023
69 Move MH Move M20C 11.7 0.029
70 Position MC & MH Position P2SE 16.2
Mounting_Cover, 
Mounting_Hardwar
e 0.041
71 Screwing 180 Turn T180S 9.4 0.024
72 Regrasp Grasp G2 5.6 0.014
73 Screwing 180 Turn T180S 9.4 0.024
74 Release Release RL1 2.0 0.005
75 Move MC to SB Move M10C 7.9 0.020
76 Position MC & SB Position P2SSE 19.7
Switch_Base, 
Mounting_Cover 0.049
77 Release Release RL1 2.0 0.005
78 Reach to Terminal Screw Reach R20C 11.4 0.029
79 Grasp TS 1 Grasp G4B 9.1 Terminal_Screw Container_Small, 0.023
80 Regrasp Grasp G2 5.6 0.014
81 Grasp TS 2 Grasp G4B 9.1 Terminal_Screw Container_Small, 0.023
82 Regrasp Grasp G2 5.6 0.014
83 Grasp TS 3 Grasp G4B 9.1 Terminal_Screw Container_Small, 0.023
84 Move TS to T Move M20C 11.7 0.029
85 Position TS 1 & T 1 Position P2SE 16.2
Terminal_Screw, 
Terminals 0.041
86 Screwing 180 Turn T180S 9.4 0.024
87 Regrasp Grasp G2 5.6 0.014
88 Screwing 180 Turn T180S 9.4 0.024
89 Regrasp Grasp G2 5.6 0.014
90 Move TS2 to T2 Move M2C 2.0 0.005
91 Position TS 2 & T 2 Position P2SE 16.2
Terminal_Screw, 
Terminals 0.041
92 Screwing 180 Turn T180S 9.4 0.024
93 Regrasp Grasp G2 5.6 0.014
94 Screwing 180 Turn T180S 9.4 0.024
95 Regrasp Grasp G2 5.6 0.014
96 Move TS3 to T3 Move M2C 2.0 0.005
97 Position TS 3 & T 3 Position P2SE 16.2
Terminal_Screw, 
Terminals 0.041
98 Screwing 180 Turn T180S 9.4 0.024
99 Regrasp Grasp G2 5.6 0.014
100 Screwing 180 Turn T180S 9.4 0.024
101 Move Product Move M20B 10.5 0.026
102 Release Product Release RL1 2.0 0.005  
The first version of MTM analysis does not include a splitting of the operations 
in the right and left hand. Therefore, all motions are defined one after another. The 
assumptions for the analysis of the original switch are: (1) the average distances 
between the containers is 20 cm, (2) the parts are kept with other objects therefore 
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searching and selecting occurs and (3) the screw movement is simply described as 
two 180 degree turn motions separated by a regrasp. The assembly process of the 
original electric switch consists of 102 separate operations and according to the 
MTM analysis and it takes 917.20 TMU or 33.02 sec. By selecting the W04 with a 
pay grade of 35.00 AUD per hour, the total labour cost for all motions is found as 
3.210 AUD. The total estimated costs of the assembly process, consisting of total 
labour costs for all motions and the total costs of involved parts, amounts to 
17.03 AUD. According to MTM analysis, the operator can produce approximately 
109 switches per hour. Table 5.18 shows the MTM analysis results of the original 
auxiliary switch. 
Table 5.18: Cost of Auxiliary Switch 
 
 
 
 
 
 
 
 
 
 
 
5.8.2 Redesigning the auxiliary switch 
The goals of redesigning the auxiliary switch are to minimize the number of 
parts, reduce the time for assembly process, and increase the safety and ergonomics 
for the operator during the assembly process, while maintaining the functionality of 
the original design. The following modifications were considered in the redesigned 
switch: 
The switch base was modified to incorporate a snap-fit into the switch cover. 
This eliminated the existing bent tabs used on the metal switch cover to attach it to 
the plastic switch base. Moreover, there are snap-fit sockets to hold two metal wire 
clinch terminals and the centre terminal/rocker in place. All these modifications will 
Activities  Original Electric Switch 
Part Count 18 
Costs of involved Parts [AUD$] 13.82 
Tool Count 13.00 
Costs of involved Tools [AUD$] 30.99 
Position Operations Count 12 
Position Operations Time [sec] 6.33 
Labor Costs of Position Operations [AUD$] 0.615 
Grasp Operations Count 18 
Grasp Operations Time [sec] 5.77 
Labor Costs of Grasp Operations [AUD$] 0.561 
All Performances Count 102 
All Performances Time [sec] 33.02 
Labor Costs of all Performances [AUD$] 3.21 
Total Cost per Product [AUD$] 17.03 
Products per Hour 109.02 
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not cause additional fabrication charges for this piece because a new plastic mold has 
to be created. 
The wire clinch terminals replace the terminals, terminals screws short and 
terminal screws of the original switch. They perform the dual function of holding the 
stranded wires and providing contact points for the centre terminal/rocker. Wires are 
held in place within terminals by a metal-locking spring action. The two wire clinch 
terminals are formed from rolled brass sheets and they snap into the plastic switch 
base. Additional tooling and fabrication charges are incurred to create these 
specialized parts. 
The centre terminal/rocker replaces the centre terminal contact, centre terminal 
screw short, contact rocker and switch spring of the original design. This piece snaps 
into the plastic switch base, like the wire clinch terminals. It is formed out of brass 
and sheet metal and provides a flexible interface at the switch toggle. This part incurs 
extra tooling and fabrication charges. 
The plastic switch toggle was modified extensively from the original design. A 
molded plastic piece with snap-fit posts replaced the cast aluminium piece. The 
plastic design of the new toggle incorporates the original switch plunger piece into 
the toggle itself. No extensive charges are foreseen in fabrication of this new part 
because a plastic-mold part simply replaces the casting process. 
The switch cover underwent an extensive redesign. It replaces the base cover, 
mounting threads, and mounting cover of the original design. This piece undergoes a 
complicated fabrication process. Metal casting and machining operations are 
performed to finish the part. This makes the switch cover one of the most expensive 
parts in the new design. But the new design allows a snap-fit at the switch base 
interface, and posts on the toggle snap into the inner diameter of the threaded 
portion. 
The mounting hardware is not changed from the original design. The switch 
assembly is redesigned to keep the same functionality as the original design. This 
includes the way that it is mounted to the electrical panel, chassis. 
Then, MTM analysis was done to the redesigned switch. The new design of the 
electric switch contains seven parts and the material cost is 11.55 AUD. Detail of the 
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new design are given in Table 5.19 and Figure 5.15. The parts count has been 
reduced by eleven and the material costs are decreased by 2.27 AUD per product. 
Table 5.19: Components of Redesigned Switch 
Number Part Name Quantity Thickness [mm] Length [mm] Price [AUD] 
1 Switch Base 1 15 29 1.99 
2 Wire Clinch Terminals 2 5 12 1.05 
3 Centre 
Terminal/Rocker 
1 15 22 1.79 
4 Plastic Switch Toggle 1 9 45 1.59 
5 Switch Cover 1 26 29 2.99 
6 Mounting Hardware 1 2 16 1.09 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15: Redesigned Auxiliary Switch 
5.8.3 MTM analysis of redesigned auxiliary switch 
The assumptions for the MTM analysis of the redesigned switch are the same 
as for the original switch. The assembly process of the redesigned auxiliary switch 
consists of 42 separate operations and takes 435.60 TMU or 15.68 seconds, 
according to the MTM analysis. By selecting the W04 with a pay grade of 35.00 
AUD per hour the total labour costs for all motions are estimated to 1.524 AUD. It 
1 
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shows that there would be a reduction of 58.8% for the separate operations and a 
reduction of 52.5% for the total time and labour costs after new design. The total 
estimated costs of the assembly process, consisting of total labour costs for all 
motions and total costs of involved parts amount to 13.07 AUD. According to the 
total time for the assembly process, the operator can assemble approximately 229 
switches per hour. This indicates an increase of 110% for the hourly performance 
with a simultaneous decrease of 23.3% in the total estimated costs of the assembly 
process. The detailed analysis of the redesigned electric switch is provided in Table 
5.20. In the table, first column represents the position of motion position, 2nd column 
provides the description of activities, 3rd column represents the activity code, which 
is useful for MTM module development, 4th column dictates the type of motion 
required for complete the activity, 5th column shows the time required for complete 
an activity in TMU, 6th and 7th column show the part and tools involve with this 
activity, and last colum gives the amount of money required for complete this 
activity. 
It is expected that the design changes lead to a faster and more efficient 
assembly of the auxiliary switch. The number of parts is decreased from 18 to 7. The 
number of operations is decreased from 102 to 42. This leads to an assembly time of 
15.68 seconds, approximately half the time required with the original design. Table 
5.21 shows the summary of origial and redesigned auxiliary switch. 
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Table 5.20: MTM Analysis of Redesigned Auxiliary Switch 
Posi Description Code Motion TMU Parts Tools Labourcosts
01 Reach to Switch Base R20C Reach 11.4 0.029
02 Grasp Switch Base G4A Grasp 7.3 Switch_Base_new, 
Container_M
edium, 0.018
03 Move Switch Base M20B Move 10.5 0.026
04 Reach to Wire Clinch Terminal R20C Reach 11.4 0.029
05 Grasp Wire Clinch Terminal 1 G4B Grasp 9.1 Wire_Clinch_Terminal, 
Container_S
mall, 0.023
06 Regrasp G2 Grasp 5.6 0.014
07 Grasp Wire Clinch Terminal 2 G4B Grasp 9.1 Wire_Clinch_Terminal, 
Container_S
mall, 0.023
08 Move Wire Clinch Terminal M20C Move 11.7 0.029
09 Position SB & WCT 1 P3SSE Position 46.5
Switch_Base_new, 
Wire_Clinch_Terminal 0.116
10 Release Wire Clinch Terminal RL1 Release 2.0 0.005
11 Regrasp Wire Clinch Terminal G2 Grasp 5.6 0.014
12 Move WCT 2 M2C Move 2.0 0.005
13 Position SB & WCT 2 P3SSE Position 46.5
Switch_Base_new, 
Wire_Clinch_Terminal 0.116
14 Release WCT RL1 Release 2.0 0.005
15 Reach to Center Terminal Rocker R20C Reach 11.4 0.029
16 Grasp CTR G4B Grasp 9.1 Center_Terminal_Rocker, 
Container_S
mall, 0.023
17 Move CTR M20C Move 11.7 0.029
18 Position SB & CTR P2SSE Position 19.7
Switch_Base_new, 
Center_Terminal_Rocker 0.049
19 Release CTR RL1 Release 2.0 0.005
20 Reach to Plastic Switch Toogle R20C Reach 11.4 0.029
21 Grasp PST G4A Grasp 7.3 Plasitc_Switch_Toogle, 
Container_M
edium, 0.018
22 Move PST M20C Move 11.7 0.029
23 Position PST & CTR P1SSE Position 9.1
Center_Terminal_Rocker, 
Plasitc_Switch_Toogle 0.023
24 Release PST RL1 Release 2.0 0.005
25 Release SB RL1 Release 2.0 0.005
26 Reach to Switch Cover R20C Reach 11.4 0.029
27 Grasp SC G4B Grasp 7.3 Switch_Cover, 
Container_M
edium, 0.018
28 Move SC M20B Move 10.5 0.026
29 Reach to Mounting Hardware R20C Reach 11.4 0.029  
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Posi Description Code Motion TMU Parts Tools Labourcosts
31 Move MH M20C Move 11.7 0.029
32 Position SC & MH P2SE Position 16.2
Switch_Cover, 
Mounting_Hardware 0.041
33 Screwing MH 180 T180S Turn 9.4 0.024
34 Regrasp MH G2 Grasp 5.6 0.014
35 Screwing MH 180 T180S Turn 9.4 0.024
36 Release MH RL1 Release 2.0 0.005
37 Reach to Switch Base R20C Reach 11.4 0.029
38 Grasp SB G1A Grasp 2.0 0.005
39 Move SC M10C Move 7.9 0.020
40 Position SC & SB P2SSE Position 19.7
Switch_Base_new, 
Switch_Cover 0.049
41 Move Product M20B Move 10.5 0.026
42 Release Product RL1 Release 2.0 0.005  
Table 5.21: Summary of MTM Analysis 
 Original Auxiliary 
Switch 
Redesigned Auxiliary 
Switch 
Improvement [%] 
Part Count 18 7 61.1 
Costs of involved Parts 
[AUD$] 
13.82 11.55 16.4 
Tool Count 13.00 6.00 53.8 
Costs of involved Tools 
[AUD$] 
30.99 10.00 67.7 
Position Operations Count 12.00 6 50.0 
Position Operations Time 
[sec] 
6,33 5.68 10.3 
Labor Costs of Position 
Operations [AUD$] 
0.615 0.552 10.2 
Grasp Operations Count 18.00 7 61.1 
Grasp Operations Time [sec] 5.77 2.1 63.6 
Labor Costs of Grasp 
Operations [AUD$] 
0.561 0.204 63.6 
All Performances Count 102 42 58.8 
All Performances Time [sec] 33.02 15.68 52.5 
Labor Costs of all 
Performances [AUD$] 
3.21 1.524 52.5 
Total Cost per Product 
[AUD$] 
17.03 13.07 23.3 
Products per Hour 109.02 229.59 110.0 
5.8.4 Leanness assessment after MTM analysis 
After MTM analysis, estimated performance metrics values were calculated. 
The revised performance metrics data have been generated based on MTM 
simulation. The estimated resulting leanness values were listed in Table 5.22 and 
graphically shown in Figure 5.16 (Series 1: for before lean, Series 2: optimum 
leanness value, Series 3: after 5S, and Series 4: after MTM). Now, the simulated 
average leanness value is 0.31. The average leanness score represents the overall 
leanness level of W04. This score indicates the improvement of Workstation 04 from 
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the previous state of a leanness level of 0.19, while ABC may implement MTM in 
the assembly process.  
This means implementing lean strategies improves the overall leanness of the 
system. Figure 5.16 shows the graphical representation of all performance variables 
after the MTM analysis. From Table 5.22, it is evident that the value of leanness for 
different performance metrics such as the time to assemble and labour productivity 
improved a lot due to the impact of the MTM analysis. This demonstrates that using 
MTM for lean implementation is closely related to operators’ productivity 
improvement in a systematic way. Interestingly, the leanness value of operator’s 
satisfaction level also increased due to the introduction of a new method in the 
workstation and this also shows a continuous improvement result compared with the 
5S implementation. 
Table 5.22: Leanness Performance Value before and after 5S and MTM Implementation 
Performance Metrics Leanness 
Value Before 
Lean 
Leanness Value 
after 5S 
Expected Leanness 
Value after MTM 
Manufacturing/Assembly Cost ($/unit) 0.10 0.16 0.47 
Total Inventory Cost ($/unit per day) 0.12 0.17 0.21 
Transportation Cost ($/unit per day) 0.07 0.36 0.49 
Time to Assemble (min) 0.07 0.28 0.51 
Labour Productivity (unit/day) 0.10 0.14 0.43 
Overall Equipment Efficiency (OEE) 
(%) 
0.11 0.24 0.29 
Rework Rate (%) 0.14 0.20 0.14 
Customer Satisfaction (%) 0.11 0.18 0.38 
Operator Satisfaction (%) 0.16 0.05 0.16 
Supplier Responsiveness (%) 0.16 0.16 0.18 
On-time Delivery (%) 0.13 0.19 0.13 
Overall Leanness Value 0.12 0.19 0.31 
 
Due to the probable implementation of MTM, it is expected that transportation 
cost and assembly cost per unit of product will be reduced by a great extent. 
However, this may decrease the on-time delivery, due to the method being newly 
introduced. The rework rate will be increased to some degree because the technique 
is very new to the operators. This analysis establishes that lean strategies often 
deliver positive impacts on some performance areas while having no or negative 
impacts on the others. The optimum leanness value was 0.64, which shows that there 
are still opportunities to improve at Workstation 04. Based on the results, the 
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manufacturer could implement other lean strategies in order to improve the leanness 
level. 
 
Figure 5.16: Leanness comparison before Lean, after 5S and MTM and Optimum Value 
This performance improvement reduced the gap between the actual leanness 
value of 0.12 and the leanness value after 5S (i.e. 0.19),  then after MTM (estimated 
to be 0.31) with a benchmark leanness recording of 0.64, calculated using the FB-
LAM model (Equation 5.22) as illustrated in Figure 5.16. Table 5.23 gives the 
summary of leanness performance values of Workstation 04 at different stages. The 
value of optimum leanness is the target for lean implementation and this will be 
achieved by continuing and sustaining this implementation of lean strategies 
consistently. Thus, the organization will progress towards the optimum leanness 
value. Once the company achieves the optimum leanness value, they will be able to 
set a new target as a benchmark for further improvement. This is how lean is a 
continuous improvement process. 
Table 5.23: Summary of Leanness Performance Value of Workstation 04 
Current Leanness Leanness Value after 
5S 
Expected Leanness 
Value after MTM 
Optimum Leanness 
Value 
0.12 0.19 0.31 0.64 
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5.9 SENSITIVITY ANALYSIS 
The development of the decision support tool (DST) is discussed in the next 
chapter. DST is used as a deterministic simulation tool for sensitivity analysis of the 
proposed leanness assessment model. The purpose is to investigate the robustness of 
the solution due to the variations in the system’s inputs. Table 5.24 shows the 
estimated data for 11 factors during the one real and six hypothetical situations 
generated for W04.  
The optimum leanness is achieved at optimum point, which is found based on 
the triangular fuzzy concept using the existing data. The optimum leanness value is 
0.64 (Table 5.24) based on the existing data. This process is repeated for a 
manufacturer after a same interval to compare the changes in the performance 
metrics from one period to the other.  
As the manufacturing environment changes due to dynamic conditions, the set 
of performance measures employed by the company may also change. Therefore, it 
is necessary to investigate performance measurements periodically to update the 
performance indicators. Figure 5.17 represents a structure displaying the 
performance measure information. The performance metrics are displayed 
numerically (Table 5.24) and/or graphically (Figure 5.17).  
From the sensitivity analysis, it demonstrates that how leanness value is 
changed with the changing of input variables. In Table 5.24, case 5, case 6 and case 7 
are generated to test the robustness of the proposed leanness asseement method. 
Performace metrics values are changed and fed as input to the model. 
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Table 5.24: Leanness Values of each Performance Metrics at different Manufacturing Situations 
Performance Metrics Case 1 After 5S MTM (Estimated) Case 4 (Optimum) Case 5 
(Estimated) 
Case 6 
(Estimated) 
Case 7 
(Estimated) 
Input Leanness Input Leanness Input Leanness Input Leanness Input Leanness Input Leanness Input Leanness 
Manufacturing/Assem
bly cost ($/unit) 
501.2
0 
0.10 498.5
0 
0.16 485.2
0 
0.47 479.7
9 
0.60 490.2
5 
0.35 490.2
0 
0.35 485.3
5 
0.47 
Total Inventory Cost 
($/unit per day) 
121.3
5 
0.12 118.2
0 
0.17 115.2
0 
0.21 81.10 0.71 110.4
0 
0.28 85.00 0.65 85.00 0.65 
Transportation Cost 
($/unit per day) 
45.20 0.07 34.90 0.36 30.20 0.49 19.81 0.78 25.20 0.63 30.25 0.49 22.20 0.71 
Time to Assemble 
(Min) 
198.5
0 
0.07 180.2
0 
0.28 160.4
0 
0.51 137.5
4 
0.78 145.2
0 
0.69 146.2
0 
0.68 145.0
0 
0.69 
Labour Productivity 
(unit/day) 
2.04 0.10 2.12 0.14 2.80 0.43 3.27 0.63 3.00 0.51 3.02 0.52 3.50 0.72 
Overall Equipment 
Efficiency (OEE) (%) 
55.20 0.11 60.40 0.24 62.20 0.29 79.41 0.72 61.30 0.26 65.00 0.36 75.00 0.61 
Rework Rate (%) 18.22 0.14 17.22 0.20 18.20 0.14 11.72 0.57 16.20 0.27 15.33 0.33 12.66 0.51 
Customer Satisfaction 
(%) 
45.00 0.11 48.00 0.18 57.20 0.38 70.00 0.67 55.00 0.33 58.00 0.40 65.00 0.56 
Operator satisfaction 
(%) 
50.00 0.16 45.00 0.05 50.00 0.16 65.94 0.52 50.00 0.16 52.00 0.21 62.35 0.44 
Supplier 
Responsiveness (%) 
45.00 0.16 45.00 0.16 46.20 0.18 66.78 0.54 45.00 0.16 48.00 0.21 60.50 0.43 
On-time Delivery (%) 50.00 0.13 52.25 0.19 50.00 0.13 63.19 0.51 48.20 0.07 55.00 0.27 55.00 0.27 
Overall Leanness 
Value 
 0.12  0.19  0.31  0.64  0.34  0.41  0.55 
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Figure 5.17: Leanness Values of each Performance Metrics for Different Manufacturing Situations 
It is assumed that with the increase of cost metrics value the corresponding 
leanness value will be decreased and similarly with the increase of benefit metrics 
value the corresponding leanness value will be increased. Simualted leanness value 
was calculated for case 5, case 6 and case 7, and values are 0.34, 0.41 and 0.55 
respectively. This demonstrates the robustness of the propsed leanness asseesment 
method. Thus, one may notice how the performance metrics for the manufacturers 
and, in parallel, the overall performance fluctuates over different periods of the year. 
This could be the result of continuous improvement happening due to the 
implemented lean strategies or due to other newer strategies being implemented over 
time in the organization. 
5.10 VALIDATION OF THE SIMULATION MODEL 
Validation is necessary to show that the propsed model has the acceptable level 
of confidence in the performances. Validation is also concerned with whether the 
proposed model is indeed an accurate representation of the real system. Statistical 
methods are used to check the accuracy of results. In this research, a t-test validation 
technique is used to see whether the proposed simulation model shows robustness or 
not. Comparison between the actual time to assemble and the simulated one is used 
for the proposed model validation. 
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A paired t-test is considered to test the difference between the real-life time to 
assemble and the simulated time to assemble. The paired t-distribution is represented 
as follows: 
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where, d  = Mean of the differences 
          dS  = standard deviation of the differences 
          n  = Number of months 
          1−n  = Degrees of freedom 
Figure 5.18 :Actual and Simulated data of Time to Assemble 
Observations Actual Time To Assemble Simulated Time To Assemble 
1 192.86 198.5 
2 169.57 180.2 
3 141.04 160.4 
4 130.43 137.54 
5 121.76 145.2 
6 132.63 146.2 
7 127.78 145 
 
The assembly time of OSM300 is used to compare the results of the actual, 
proposed simulation with and without lean implementation. Table 5.18 represents the 
actual and simulated assembly time data with and without lean implementation. A 
degree of confidence level must also be considered for the analysis. The data has 
been collected from the real-life assembly of OSM300 in ABC. 
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The sample standard deviation is: 
54.683.42 ==dS  
The test statistic is  
 Chapter 5: Fuzzy Based Leanness Assessment Model 159 
80.0
7/54.6
85.13
/
===
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The t distribution critical value for 6 degrees of freedom and a 95% confidence 
interval is: 
447.2025.0,62/,1 ==− ttn α  
From the t-test, the calculated value of the test statistic is t=0.80 and t 
distribution critical value is t6,0.025 =2.447. As the calculated value of the test statistic 
is less than the t distribution critical value (t< t6,0.025), the result falls within the 95% 
confidence interval. Thus the model does have an accuracy level to indicate that it is 
valid. 
5.11 CHAPTER SUMMARY 
This research proposes a method based on the fuzzy concept to evaluate the 
leanness of a manufacturing organization. The proposed fuzzy leanness model offers 
an integrated measure to quantify the overall leanness level of manufacturing 
processes, considering both quantitative and qualitative performance metrics. The 
leanness index eliminates the need to interpret several metrics.The proposed method 
is able to suggest much waste can possibly be removed from the current system in 
order to get to the ideal lean system. This leanness assessment method is also  useful 
for tracking the different performance metric leanness values. By identifying the 
poorly performing performance metrices, problematic areas can be sorted out in a 
process, which meets the decisions makers need of continuous improvement method 
to find problems in their processes. 
After measuring leanness, this proposed leanness model sets a realistic goal for 
implementing lean strategies to reduce wastes as well as to achieve better leanness 
based on an organization’s current situation. This research proposed a method to set 
an optimum or realistic direction of attempting to achieve an optimum leanness value 
for any manufacturer. Once a manufacturer achieves its optimum goal then they can 
revise their optimum leanness to set the new goal for continuous improvements. 
Leanness is an indicator to improve any system continuously. Therefore continuous 
improvements within the manufacturing process will minimize the variance in 
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specific performance metric values and this will improve the overall manufacturing 
performance by generating more efficient  lean range. 
This research then utilized the proposed leanness assessment model to measure 
the leanness of the case organization before and after lean implementation. The 
impact of applying the 5S (implemented) and method-time measurement (MTM) 
were investigated based on the leanness levels of two different situations within one 
workstation at ABC manufacturer.  
The leanness index of ABC was found to be  12%. By applying one lean 
initiative, 5S, the leanness level has significantly improved to reach 19%. Similarly, 
implementation of MTM as standard work method may improve leanness value to 
31%. However, the optimum leanness value of ABC was calculated to be 64%. The 
resulting leanness index was used to evaluate the company’s current leanness state 
i.e. before lean implementation against after lean implementation (after 
implementing 5S) and the optimum leanness state (the leanness value at its optimum 
point i.e. benchmarking). These indices evaluated the company’s leanness level and 
explore the potential areas of improvement. 
The systematic identification of waste or inefficiency is essential for 
eliminating wasteful activities from the process. The author proposed method-time 
measurement (MTM) is an effective tool for evaluating the time needed for each 
manual assembly process as well as every activity. MTM is a predetermined time 
and motion system and can be used to suggest how to redesign parts as well as 
assembly processes to reduce assembly time.  
Manual calculation of different steps of this method is time consuming and 
sometimes error prone. Therefore, we developed a decision support tool (DST) to 
compute the leanness value and simulate the different situations. DST also includes 
the MTM prototype to simulate the manual assembly process before going for real 
implementation. The next chapter describes the developed DST and its decision 
making functionalities. This DST will help to find optimum number of lean strategies 
and measure the company’s current and desired leanness levels according to several 
parameters, in order to clearly guide and sustain the lean implementation process.  
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Chapter 6: Development of Decision Support Tool 
Selection of appropriate lean strategies and assessment of leanness is of vital 
importance. In the lean transformation process, it is essential to select the appropriate 
lean strategies and measure their impact on existing performance in order to clearly 
guide and sustain the lean implementation process. This research developed 
mathematical models for selecting appropriate lean strategies and a method for 
leanness assessment, considering both the qualitative and quantitative performance 
factors. The developed models and methods were described in Chapter 4 and Chapter 
5.  
This chapter developed a computerized decision support tool (DST) to 
integrate models and methods developed for selecting lean strategy and leanness 
assessment.   
This decision support tool has three components: 
• A lean strategy selection module 
• A fuzzy based leanness assessment module 
• A work method analysis module also known as MTM analysis module 
The next section describes the structure of the DST and its components, then 
the developed DST will be demonstrated by a case example. 
6.1 DESCRIPTION OF DECISION SUPPORT TOOL (DST) 
The lean strategy selection module suggests appropriate lean strategies for the 
identified wastes within a manufacturer’s limited amount of available resources. The 
fuzzy based leanness assessment module (FB-LAM) measures the overall leanness of 
the organizations and the MTM based analysis module is used as one of the lean 
strategies as a standard work process, to evaluate the specific assembly activities in 
order to understand the problems associated with a manual assembly process by 
determining the required assembly time. As mentioned earlier, methods-time 
measurement (MTM) is a predetermined time and motion analysis system and can be 
used to suggest what types of parts should be used and how parts, as well as the 
assembly process, can be redesigned to reduce assembly time. The developed MTM 
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module for this study utilizes the basic decision model (MTM-1) for various motions 
generated during the assembly process (Karger & Bayha, 1987). The decision tables 
are provided in Appendix E. 
This developed DST enables decision makers to optimize the manufacturer’s 
resources during lean strategy selection and implementation in order to promote the 
accurate evaluation of the leanness of a manufacturing organization. Besides 
selecting lean strategies and assessing leanness, the DST also enables a manufacturer 
to identify the gap between the existing leanness value with the optimum leanness 
value and determine which are the weak areas in the system, based on the measured 
values. Then, the DST measures the leanness value of the organization before and 
after lean implementation and compares this with the optimum leanness values. The 
DST has been validated in the case company, ABC. 
The structure of the developed DST is comprised of simple decision making 
tools and utilities. The DST has been developed by using Visual Basic 8.0 and 
MATLAB as the front end and Microsoft Access and Excel as the back end. The 
Visual Basic and MATLAB programming languages were used for their ability to 
provide user friendly screens, with Microsoft Access as the database used to link the 
data to Visual Basic (Chan, et al., 2000). In order to handle relevant data and 
computational complexity, three computer programs have been developed to realize 
these developed models and methods. The framework of the DST is provided in 
Figure 6.1 and components are provided below. 
• Database 
• Lean strategy selection module 
• FB-LAM module 
• MTM module 
• Output  
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Input Process Output 
   
Figure 6.1: Framework of Decision Support Tool 
6.1.1 Database 
Microsoft Access and Excel are utilized to store the relevant data required for 
selecting appropriate lean strategy, leanness measurement and MTM analysis. A 
spreadsheet is constructed to prepare the data for the lean strategy selection 
methodology and the FB leanness assessment measurement. Lean strategy selection 
and FB-LAM analysis are done for the selected process. Because identification of 
wastes as well as the calculation of the different cost and time components of each 
lean strategy and selection of performance metrics, depend on the selected process 
and used as input for different modules. The database contains the guidelines for 
calculating cost, time and the perceived value index, process capacity, lean 
performance metrics, and the data for calculating lean performance metrics. 
The database also includes lean strategies/tools, list for standard parts, 
products, utilities, and tools. Data for performance metrics are stored both in 
qualitative and quantitative formats. For example, lead time can be stored as 
numerical values however operation satisfaction should be in linguistics term like 
low, high or perfect.  
With the lists of available workstations and pay grades, the process capacity for 
the assembly process is determined. All these data are basics for the implementation 
of the lean strategy selection module, FB-LAM module and MTM analysis module, 
which together form the DST. 
Database 
The FB-LAM 
Module 
Simulate the 
Result 
Lean Range 
Leanness 
Value 
Visual Basic Controller Program 
The MTM 
Module 
Assembly 
Time 
Suggested Lean 
Strategies 
Lean Strategy 
Selection Module 
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6.1.2 Lean strategy selection module 
This research developed mathematical models and a methodology for finding 
the optimum number of lean strategies and appropriate strategies for manufacturers’ 
identified wastes within their cost and time limitations, as described in Chapter 4. 
This chapter provided a MATLAB programme under a DST to solve the equations 
and to achieve the optimum solution. The developed code is provided in Appendix B. 
The input data includes a lean strategies and wastes correlation matrix, operating 
cost, investment cost, variable cost, planning time, training time, modification time, 
and validation time of implementing lean strategies. Cost and time constraints for 
implementing lean strategies are also given by manufacturers as input. The steps of 
the lean strategy selection module are provided in Figure 6.2. 
 
 
 
 
 
 
 
 
Figure 6.2: Steps of lean strategy selection module 
The steps of finding appropriate lean strategy are described below: 
Determination of lean strategies and wastes correlation matrix 
This step determines the correlation between the lean strategies and wastes, 
which is used as input for suggesting appropriate lean strategies for the manufacturer.  
Determination of perceived value of reducing a manufacturing waste 
This step determines the perceived value of estimating the identified wastes 
from the manufacturer’s perspective. 
Genrate lean strategies and wastes matrix in MATLAB using Table 4.1 
(Appendix B) 
Generate perceived value function and put perceived value to a waste by user from 0 
to 10 based on the criticality in MATLAB (Appendix B) 
Generate lean implementation cost and time function in MATLAB (Appendix B) 
Generate cost and time constraints function (Appendix B) 
Generate combination function for finding optimum solution function 
([combi,b]=LPM_C_T_Waste(a))(Appendix B) 
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Determination of cost and time of lean implementation 
This step calculates the required cost and time of implementing these lean 
strategies, based on the guidelines and developed equations provided in this research. 
Finding the suggested lean strategies 
The steps to find a solution using the MATLAB program are described below 
and code is provided in Appendix B: 
• In lean strategy and wastes correlation matrix, provide input value as ‘1’ if 
a requirement (wastes) is selected for improvement, otherwise put ‘0’ in 
the developed ‘lean strategy-wastes’ correlation matrix. 
• Provide relative importance value of each waste in perceived value 
function as input, according to the manufacturer’s given relative 
importance value, from 0 to 10. 
• Determine manufacturer constraints for operating, investment, and 
variable cost as well as planning, modification, training, and validation 
time for lean implementation. 
• Solve the optimization problem by running the programme i.e. 
combination function. 
The evaluation of the suggested lean strategies will be described in the next 
section. 
6.1.3 Fuzzy based leanness assessment (FB-LAM) module 
After selecting appropriate lean strategies, this research also developed a 
leanness evaluation model for assessing the impact of selected lean strategies, 
described in Chapter 5, to answer the questions of ‘how lean the system is’ and ‘how 
lean it should be’. This chapter developed an FB-LAM module to automate the 
computation of the leanness value as well as storing it for future tracking. The steps 
of generating leanness value by FB-LAM module is provided in Figure 6.3. 
The FB-LAM solver is constructed on the platform of Microsoft Excel, 
Microsoft Access together with Visual Basic 8.0. Visual Basic was used for leanness 
assessment due to its better user interface ability than MATLAB. Microsoft Excel 
and Access provide the spreadsheet function to store, handle, and analyse the 
different performance data. A Visual Basic 8.0 program controls and automates the 
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model solving process. The input data includes different performance metrics data 
selected for measuring leanness of the specific process. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Steps of FB-LAM module 
Table 6.1 below shows the data collection procedure for measuring leanness 
assessment. In the measures column, the user needs to put the category of 
performance measures like productivity, financial, flexibility, quality, health and 
safety or morale and in performance metrics column, the user needs to put the 
appropriate performance metrics for the selected process. Actual data has been 
provided in Chapter 4 and Chapter 5.  
Table 6.1: Data Collection Procedure for Leanness Assessment Model 
Measures Performance Metrics Observation 1 . . . 
Observation 
n Behavior 
Cost Manufacturing Cost/Pcs Value 1 . . .  Negative 
. .      . 
. .      . 
. .      . 
Productivity Production Rate Value 1 . .  Value n Positive 
. .      . 
. .       
n n       
Collect performance metrics data in Excel Spreadsheet 
Sort the performance metrics into positive and negative metrics 
Open FB-LAM module 
Choose existing leanness analysis or new leanness analysis 
Load excel spreadsheet as input data 
Generate trinangular fuzzy numbers 
Generate lean range and optimum leanness value 
Add new case ( leanness measurement before and after lean implementation) 
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Frequency of the data collection for this analysis could be weekly, monthly or 
yearly observation of the selected performance metric. Behavior refers to the 
characteristic of the performance metric on overall performance, i.e. either positive 
or negative.   
Determination of fuzzy number and lean range 
This step will transform the quantitative and qualitative raw data into a fuzzy 
number by using the program developed in Visual Basic. The developed code is 
provided in Appendix D. It calculates the triangular fuzzy number and optimum lean 
range based on the existing data set. Figure 6.4 shows the leanness assessment start 
window and a sample triangular fuzzy numbers a, b, and c. It also shows the 
direction of improvement and range of optimum values. 
 
Figure 6.4: Triangular Fuzzy Number Determination 
Determination of leanness value 
This step calculates the leanness value by using the developed code. It also 
calculates the optimum leanness value i.e. how lean this system should be, based on 
the company’s current situation. In triangular fuzzy logic, b is the point where one 
can achieve optimum or maximum performance considering every aspect of this 
company such as cost, time, quality, flexibility, health and safety and morale. Figure 
6.5 is the output window for showing the measured leanness value. This step can 
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save the case and enter a new case to measure the leanness value after lean strategy 
implementation. Individual performance metric calculation shows the weak areas of 
the selected process. Based on the calculated leanness score, the manufacturer can 
identify the gap between the existing and optimum leanness values. Hence, they can 
prioritize their improvement initiatives. After calculating the optimum leanness 
performance value and existing leanness value, a manufacturing manager can make 
effective decisions on their process improvement. After implementing the suggested 
lean strategies, leanness can be evaluated by adding a new case in the FB-LAM 
module.  
 
Figure 6.5: Leanness Value Determination 
6.1.4 MTM analysis module 
The MTM module is developed by using Visual Basic 8.0 and the Microsoft 
Access database to evaluate the assembly process. The MTM simulation can be used 
before or during the real assembly operation. This section presents the developed 
knowledge based framework to estimate the assembly time for a particular assembly 
process by using the developed MTM tool. It describes the structure and content of 
the required basics for the MTM analysis, specifying the seven basic MTM motions 
to estimate the time and cost for the assembly process. These motions have been 
simplified and adapted to the requirements of analysing a process.  
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Time data tables and the decision models for each kind of motion are taken as 
the basic framework for the MTM analysis (Appendix E). Firstly, the user must 
generate the basics for the objects in the program database. These include the article 
categories, workstation, parts, and tools, utilities and materials. After the completion 
of all basic data, the analysis of the product with the MTM method can begin. Every 
MTM analysis should start with the selection of the correct workstation, because this 
will be the basis for the calculation of the product and labour costs of the product. 
Determination of part and tool list 
After selecting the workstation and completion of the basic database, the 
compilations of the parts and tools list are done. Figure 6.6 shows the sample parts 
list of a product. 
 
Figure 6.6: Sample Part List 
Determination of the position motion 
After the creation of the parts and tool list, the real analysis of the product 
starts with the first matrix: the position matrix, which describes all position motions 
that are conducted in the assembly process. The detail of the position matrix data was 
provided in Table 5.17. Figure 6.7 shows the selection of the position motion during 
the MTM analysis.  
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Figure 6.7: Position Motion  
Determination of the grasp motion 
The analysis with the grasp matrix runs similarly to the position matrix. The 
MTM analysis program summarises all grasp motions and their times as well, as seen 
in Figure 6.8. 
 
 
 
 
 
 
 
 
 
 
Figure 6.8: Grasp Motion 
Determination of all performances  
This step calculates both the position and the grasp motions together, with their 
time and labour costs, with the programs automatically transferring this information 
into the performance list. The user has to set up the list so that these motions are 
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transferred in the right order (Table 5.17). Additional motions can be added to this 
list by using the MTM program module, as shown in Figure 6.9: 
• Add Motion – Add new disengage, grasp, move, reach, release, or turn 
motion 
• Delete Row – Delete a complete row from list 
• Disable Motion – Disable a no longer needed motion; the cell colour will 
be grey 
• Enable Motion – Enable a disabled motion 
• Add new Row – Add a new empty row to the list 
• Add Parts/Container/Tools – Add in a special process: parts, tools, or 
utilities, to the list 
 
Figure 6.9: Performance List 
If the user wants to append parts or tools, in the lower part of the form, two list 
views will be displayed, with all defined parts, tools, utilities, and materials. 
Similarly to the part or tool list, it is possible to add or delete these articles in the 
relevant cells by checking and un-checking, respectively. The user has to select the 
appropriate types and classes and then analyse the process. The program will 
calculate the time in TMU according to the time data tables and the labour costs in 
AUD. 
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6.2 DEMONSTRATION OF DECISION SUPPORT TOOL BY A CASE 
STUDY 
6.2.1 Implementation of decision support tool 
After the completion of all basic data, the analysis of the product and process 
specific lean strategies selection and FB-LAM analysis can begin. The following 
steps have to be followed to select appropriate lean strategies and analyse a leanness 
measurement. 
This research’s models and methodologies are demonstrated by a workstation 
named W04 in ABC’s OSM300 assembly line. Therefore, relevant data from W04 is 
collected and analysed and a video recording done for that workstation. A time and 
motion study has been done based on the video recording and wastes were identified. 
Establishing lean strategies and wastes correlation matrix 
Identified wastes at W04 are provided in Table 4.3. After identifying the 
wastes, a correlation matrix has been established between the lean strategies and 
wastes (Table 4.5). The perceived value of each waste was given in MATLAB by the 
manufacturer. 
Determination of cost and time components of lean strategies 
Based on the guidelines and developed equations, the cost and time 
components were determined for each lean strategy and provided in Table 4.6. The 
allocated budget and time for improving the identified wastes in W04 was also 
determined by the manufacturer and provided in Table 4.7. 
Determination of suggested lean strategies 
This step calculates the suggested lean strategies for identified wastes in W04 
within their allocated budget and time (Appendix B in Table B.1) using the DST 
(lean strategy selection module). This also provides the slack between the budget and 
the actual requirement in terms of cost and time (Table 4.9). The best combination 
wastes and lean strategies are provided in Table 4.8. Targeted wastes were 
unnecessary motion, setup time, unnecessary transportation, inappropriate 
processing, work in process and raw material inventory and suggested lean strategies 
were 5S, JIT, Pull/Kanban System, Standard Work Process, Cellular Manufacturing, 
and SMED.  
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Selection of performance metrics 
 After suggesting lean strategies based on W04, the engineering director, 
engineering manager, and author identified appropriate performance metrics for W04 
and these are provided in Table 5.3. Figure 6.10 shows the snapshot of the Excel data 
collection template. Figure 6.11 shows the input form for evaluating leanness value. 
 
Figure 6.10: Sanpshot of Excel Data Collection Template 
 
 
Figure 6.11: Leanness Evaluation Input Form 
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Calculate the fuzzy number and lean range  
This step will transform the quantitative and qualitative raw data into fuzzy 
numbers. It calculates the triangular fuzzy number and optimum lean range based on 
the FB-LAM model. Figure 6.12 shows the triangular fuzzy numbers a, b, and c and 
the direction of improvement and range of optimum value. 
 
Figure 6.12: Triangular Fuzzy Number and Lean Range 
Evaluate the leanness value 
This step calculates the optimum leanness of the existing system based on the 
historical data and developed FB-LAM model. This optimum leanness means the 
benchmark for this company. Figure 6.13 shows the optimum leanness value, 
leanness before lean and after 5S implementation. 
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Figure 6.13: Optimum Leanness Performance and New Case Leanness Performance  
From the FB-LAM analysis, it can be seen that a significant amount of time is 
wasted during the assembly of the OSM300-38kV product. The analysis also 
identified that the longest time is taken by the OSM300-38kV product sub-
component, named the auxiliary electric switch. Therefore, this study focuses on the 
assembly time required for this auxiliary electric switch. However, Shetty’s auxiliary 
switch was analysed to investigate the MTM analysis tool to estimate the assembly 
time. 
Determine the cost of parts and tools 
The first step is to pick the appropriate parts and tools. The original auxiliary 
switch consisted of 18 parts and their materials cost per product were 13.82 AUD. 
The total number of involved tools for this assembly process was 13 and the material 
cost for this workstation was 30.99 AUD. The tools included eight small containers 
and four medium containers as storage areas for the parts, as well as one assembly 
jig.  
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Evaluate the position motions 
To assemble the original electric switch twelve position motions were needed 
with a total time of 175.80 TMU or 6.33 sec. The labour cost for these motions was 
calculated by the program as 0.615 AUD. 
Evaluate the grasp motions 
For the assembling of the original electric switch 18 grasp motions were 
needed with a total time of 160.20 TMU or 5.77 sec. The total labour costs for these 
motions amounted to 0.561 AUD per product.  
Transfer information into performance list 
After determining all motions, it shows that the assembly process of the 
original electric switch consisted of 102 separate operations. According to the MTM 
analysis, the operation takes 917.20 TMU or 33.02 sec. In W04 with a pay grade of 
35.00 AUD per hour, the total labour costs for all motions are 1.834 AUD. The total 
estimated cost of the assembly process, consisting of total labour costs for all 
motions and the total costs of involved parts, amounts to 15.65 AUD. The worker 
can produce approximately 109 products per hour. Figure 6.14 shows the detailed 
MTM analysis results of the auxiliary switch. 
 
 
 
 
 
 
 
 
Figure 6.14: MTM Analysis of Auxiliary Switch 
MTM analysis of expected redesigned electric switch 
An MTM of a redesigned electric switch has been developed for the purposes 
of testing the models and methodology explored in this current research. The 
assumptions for this analysis are similar to those of the analysis of the original 
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electric switch, although an initial cost is expected as the operator needs to be trained 
on the new working method. Figure 6.15 shows the detailed MTM analysis results of 
the original auxiliary switch. 
 
Figure 6.15: MTM Analysis for Redesigned Auxiliary Switch 
6.3 CHAPTER SUMMARY 
This research utilized the deterministic simulation. A MATLAB program is 
used to solve the developed equations, finding the optimum number of lean strategies 
for identified wastes within the case organization’s cost and time constraints. The 
Visual Basic 8.0 program has been used to solve the real cases and examples in this 
research. The capability of handling numerical data and generating outputs was 
carried out using the FB-LAM module of the DST. FB-LAM was used to solve the 
proposed fuzzy based leanness assessment model throughout this research.  Since 
Microsoft Office has become one of the most popular software packages, the FB-
LAM solver can be run on different computers conveniently without extra 
installation efforts.  
The MTM program could assist in determining time required by an operator 
involved in the product development process in ABC. The expected benefits of 
MTM were provided in the previous chapter. Results show that if MTM was 
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implemented, it could help to increase labour productivity and decrease the time to 
assemble, per unit of product, during the assembly process in W04.  
Increasing productivity in a defined timeframe (e.g. one day or one shift), 
among other things, results in increase in overall added value within this defined 
time frame. A short lead time through a process chain (a value stream) results in a 
higher output and therefore higher productivity, and thus increases the overall added 
value within this given period of time.  
On the other hand the same overall added value can be achieved in a shorter 
period of time. The design of work methods is the most important dimension for 
influencing productivity. Planning and implementing ‘‘well’’ designed, i.e. efficient 
and effective methods are at the very focus of projects to increase productivity.  
MTM analysis shows how to reduce number of parts from a product without 
impacting its functionality. Based on the model output, the developed method 
provided an evaluation of leanness of the case organization. The individual 
performance metrics can be used to analyse the strengths and weakness of the 
performance indicators of this specific organization or production of a specific 
product or assembly line. By addressing these individual weaknesses and finding 
complementary solution, the manufacturer will increase their competitive advantage. 
Numerical data for the DST can be input manually or imported from data 
tables from other software programs. This means the data can be collected manually 
from manufacturing systems or provided by computer systems for shop floor control. 
The DST itself lacks the capability of data collection. Interfacing the DST with ERP 
software programs can improve the processes of data collection. Visual Basic is a 
programming language that is potentially capable of building the interfaces among 
the software programs. Therefore, establishing the interface to integrate the programs 
with ERP software is a direction for further development of the DST. 
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Chapter 7: Conclusions and Future Directions 
This chapter presents the conclusions and highlights the contribution of the 
study in theory and practice. Finally, its limitations are outlined and areas for future 
research are suggested. 
7.1 SIGNIFICANCE OF THE RESEARCH PROJECT 
Lean manufacturing is a continuous improvement approach that aims to 
eliminate waste and reduce variability in manufacturing processes. Currently, 
manufacturers’ are facing a significant challenge of identifying wastes in their 
processes and selecting a proper lean strategy to address these wastes. The most 
critical challenge is to achieve maximum benefits from lean implementation within 
the manufacturer’s resource constraints.  
Leanness is a measure of performance of a manufacturing process due to the 
implementation of lean strategies. It is essential to measure the leanness level of a 
manufacturer in order to evaluate and track the improvement initiatives. A specific 
set of lean performance metrics will contribute partially in evaluating the overall 
leanness level of a manufacturer.  
Development of an integrated measure of leanness (considering both 
qualitative and quantitative matrices) has not been attempted in the literature. This 
thesis advances the current knowledge base by developing mathematical models and 
methodologies to overcome the lean strategies selection and leanness assessment 
problems. By selecting appropriate lean strategies, a manufacturer can better 
prioritize implementation efforts and resources to maximize the benefits of 
implementing lean strategies in their organization.  
The leanness value is used to evaluate a company’s current leanness state (i.e. 
before or after lean implementation) and assess an optimum leanness state (i.e. 
benchmarking). Finally, this research demonstrated the proposed model and 
methodology by implementing them in a case study. Therefore, manufacturers will 
now have a very effective lean strategy selection methodology and leanness 
assessment model. 
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7.2 CONTRIBUTION 
The major contributions of this research are listed below: 
• A mathematical model and structured methodology to select appropriate 
lean strategies for reduction of manufacturing waste within a 
manufacturer’s resource constraints. 
• A method of identifying an appropriate number of lean strategies. It 
provides a list of manufacturing wastes that can be improved on by 
implementing the selected lean strategies within the manufacturer’s 
resource limitations. 
• An effective leanness measurement model based on the triangular 
linguistic fuzzy membership functions, considering both qualitative and 
quantitative performance metrics for manufacturing organizations. This 
answered the question of ‘how lean the system is’. 
• A ‘lean strategies-wastes’ correlation matrix which provides the initial 
decision making guidelines for a manufacturer. This matrix provides an 
answer to a lean practitioner about the appropriateness of the lean strategy 
for addressing the identified wastes in a particular organization. 
• A method for recommending a leanness level which answers the question 
of ‘how lean the system should be’. 
• A decision support tool, a tool for a lean manufacturer to select appropriate 
lean strategies, and to measure and track the impact of selected lean 
strategies for further improvement of the selected manufacturing process. 
7.3 RESEARCH FINDINGS 
7.3.1 Mathematical models and methodology development for selecting 
appropriate lean strategies 
As mentioned earlier, there are many success stories about lean strategies and 
also many failures due to the manufacturers’ confusion about what strategies to adopt 
and how to adopt these strategies in their specific problems (Tiwari, et al., 2007). 
Implementation of each lean strategy requires investments for detailed design, 
personnel training, and development of support technologies, as well as total system 
maintenance and upkeep (Mejabi, 2003). Existing lean strategy selection 
methodologies lack a systematic approach and analytical model to make a decision 
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for selecting appropriate lean strategies for the identified manufacturing wastes 
within manufacturers’ resource constraints. 
A mathematical model has been developed to determine the appropriate lean 
strategies to address the manufacturers’ process problems within their resource 
constraints. This research also included the impact of forced changes into the model 
during the lean implementation, which has rarely been discussed in the existing lean 
literature. The proposed model is used to estimate the value of cost and time for the 
implementation of each lean strategy. Finally, a decision function (perceived value 
index to a cost and time index) has been developed to find an optimum solution i.e. 
selecting optimum number of lean strategies within the manufacturer’s resource 
constraints. A systematic methodology has also been developed to find the optimum 
solution using the developed decision function. In the proposed methodology, 
correlation matrix identifies a/a set of lean strategy/strategies which is more 
appropriate for reducing which wastes. Then, established binary relationship between 
the lean strategies and wastes has been utilized to select the most appropriate lean 
strategies. This matrix is the the input for finding the optimum number of lean 
strategies (Section 4.4). 
7.3.2 Effectiveness of the proposed models and methodology 
The effectiveness of the proposed models and methodology has been 
demonstrated by a case study and sensitivity analysis. In the selected case 
organization, ten different wastes have been identified in the existing process and the 
manufacturer provided an allocated budget and time for improving these identified 
wastes. The model suggests that, based on the case manufacturer’s existing process 
problems and resource constraints, the case organization can choose from 361 
different possible combinations of lean strategies to address reduction of these 
identified 10 wastes. However, the best possible combination that, maximize the 
perceived effectiveness value of reducing manufacturing wastes, while satisfying the 
different cost and time constraints, was 39 (Table 4.8). The solution matrix (Table 
4.8) shows that ABC is able to improve unnecessary motion, setup time, unnecessary 
transportation, inappropriate processing, work in process and raw material inventory 
within their cost and time constraints. This solution matrix also suggests appropriate 
lean strategies for improving targeted wastes, 5S, JIT, Kanban, Visual Management 
System, Cellular Manufacturing, Standard Work Process, and SMED. 
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From Table 4.8, it is also demonstrated that application of cellular 
manufacturing brings maximum benefits to ABC by reducing three wastes: unneeded 
motion, unnecessary transportation, and work in process, with the same 
implementation cost and time (Table 4.8). Then, by implementing either JIT or the 
Kanban system can reduce two wastes: work in process and raw material inventory 
(Table 4.8). 5S and Visual Management System implementation can reduce only one 
waste, namely unneeded motion. Finally, SMED implementation helps to reduce the 
setup time waste. This provides a sequence of implemnating lean strategies to ABC, 
which is cellular manufacturing, either JIT or Kanban, either 5S or Visual 
Mangaement System, followed by SMED. 
Results also demonstrated the slack values between the allocated cost and 
required implementation cost, and between allocated time and required 
implementation time (Table 4.9). Therefore, manufacturer can estimate their lean 
implementation cost and time and redistribute their allocated cost and time to the 
different cost and time constraints. Thus extra lean strategies can be brought to 
reduce more wastes. This is how the optimum number of lean strategies can be 
selected for a manufacturing organization, for their identified wastes within their cost 
and time constraints. 
7.3.3 Decision making in dynamic situation 
This research also provided a method to facilitate decision making in dynamic 
situation of a manufacturing. Manufacturers’ are in dilemma for selecting 
improvement strategies considering present situation of the production process. In all 
previous analyses, unneeded motion was found to be the most critical waste ranked 
by the manufacturer. Setup time is considered the most critical waste (with a relative 
importance of 9) for ABC. The study problem was then formulated to reduce setup 
time. 
The computation of the MATLAB program identified 559 different 
combinations of wastes within the same resource constraints. The best sequence is 
provided as a solution matrix, which shows the targeted wastes were: unnecessary 
motion, setup time, defects, unnecessary transportation, inappropriate processing, 
work in process and raw material inventory. To improve these targeted wstes, 
suggested lean strategies were 5S, Just In Time, the Kanban System, Standard Work 
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Process, Visual Management System, Cellular Manufacturing and SMED. This 
solution is based purely on maximization of the manufacturer’s perceived 
effectiveness values, while satisfying the given set of cost and time constraints. The 
improved perceived effectiveness value is 46 in the changed condition while it was 
39 in the earlier situation.  
Results showed that the manufacturer are able to  reduce more number of 
wastes, using the same amount of resources, when setup time was considered as the 
most critical waste and redistribute the allocated cost and time for lean 
implementation. It also proves that the probability of choosing a lean strategy does 
not monotonically increase with the increase of the manufacturer’s perceived value 
of reducing a waste, it is also related to additional constraints such as the expected 
cost and time needed for this strategy implementation. Hence, a manufacturer is able 
to make appropriate and timely decisions using this methodology (Table 4.10).  
In summary, using the proposed models and methodology, decision makers are 
able to identify the optimum number of lean strategies for a manufacturer’s identified 
wastes, within their resource limitations. This procedure can be used in other similar 
cases. However, each practical situation might be different in different industries and 
modifications of the present model might be necessary. However, the developed 
models and methodology should provide a useful starting point. 
7.3.4 Fuzzy based leanness assessment model development 
A single or specific group of metrics can only provide partial measurement of 
overall leanness of a manufacturing organization (Wan & Chen, 2008). This research 
developed a list of the most important lean performance metrics under six 
performance dimensions, which are finalcial, productivity, quality, flexibility, health 
and safety, and morale to evaluate the leanness of a manufacturing process (Table 
5.1). Then, these metrics were divided into two key categories: those measurable by 
numerical terms (quantitative) and those described by linguistic terms (qualitative).  
The existing literature considers either quantitative leanness measures (Wan & 
Chen, 2008) or qualitative leanness measures (Vinodh & Chintha, 2010a, 2010b; 
Vinodh, et al., 2010; Vimal & Vinodh, 2012). Therefore, in order to provide a 
common focus on leanness, an integrated leanness index is needed. This research 
proposes a method, based on the fuzzy concept, to evaluate the leanness of a 
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manufacturing organization (Section 5.4). Fuzzy logic is able to deal with uncertainty 
and the imprecision of input data, and it is applicable for analyzing the qualitative 
variables of a system. The proposed fuzzy leanness measure presents an integrated 
measure to quantify the overall leanness level of manufacturing processes, 
considering both quantitative and qualitative performance metrics. Using 
performance metrics, the improvements can be quantitified to justify the 
implementation of lean strategies. 
The proposed leanness assessment method has the advantage of determining 
the overall leanness of a manufacturing system, taking into account multiple 
attributes. The unit less leanness index helps to identify the gap among the current 
leanness state, leanness state after lean implementation, and ideal leanness state. This 
is how leanness level of a manufacturing system with two different situations can be 
quantified and compared. This method also has the advantage of measuring leanness 
of each performance category, which is useful for analysing the individual 
performance metrics and finding the problematic areas related to this performance 
category. This could be a very effective method for managers and decision makers to 
find and diagnose problems in their specific manufacturing processes. 
After measuring leanness, the next question is ‘how lean the system should be’. 
It is impossible for any manufacturer to actually attain 100% leanness. The proposed 
fuzzy based leanness model provides a practical target for achieving leanness by 
implementing lean strategies to reduce wastes. By contual implemenatation of lean 
strategies, a manufacturer reduces wastes as well as achieve better leanness, based on 
an organization’s current situation (Section 5.4.2).  
As achieving leanness is a continuous process, once the optimum goal is 
achieved, a manufacturer can then revise the goal. Thus, the model generated 
optimum ranges for each variable, to suggest improvement target within a feasible 
range. This is how the optimum ranges for performance variables under lean 
attributes are defined in this research. Based on the optimum point, optimum 
leanness can be measured for any manufacturer. 
7.3.5 Effectiveness of the proposed leanness assessment model and method 
The effectiveness of the proposed models and method has been demonstrated 
by a case study. Sensitivity analysis and a t-test were performed to validate the 
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model. As shown in Table 5.13 and Table 5.15, the impact of applying the 5S and 
simulation of method-time measurement (MTM) were measured based on the 
leanness levels of two different situations within ABC. These tables provide a clear 
indication of the positive and negative consequences of applying the 5S and MTM 
strategies, which critically supports the decision making process. This demonstrates 
the mixed impact of lean strategies on overall performance. The current status of the 
company was described by a leanness index of 12%. By applying 5S, the leanness 
level has significantly improved to reach 19%. It is also expected that in adition to 
5S, applying MTM as standard work method lean tool, the leanness level could be 
significantly improved to reach 31%. However, the optimum leanness value of ABC 
was calculated as 64%. 
Results for the optimum leanness value demonstrated that the lean range of 
each variable should also be improved to obtain higher manufacturing performance 
and this can be attained by maintaining raw data values with less deviation. This 
means that the less variation in observation values of performance variables, the 
more the non-stiffness in the fuzzy number’s shape, hence the better the 
performance. As leanness is a philosophy for continuous improvement, consistent 
application of the approach to improve manufacturing processes will reduce the 
variations among raw data values. The smallest gap between the consecutive data 
will improve the overall manufacturing performance by generating more efficient 
lean range under lean attributes.  
7.3.6 Development of decision support tool (DST) 
Applying the developed mathematical models and proposed methodology, 
selection of lean strategy and measuring leanness in real time practice is a time 
consuming and tedious process. Due to the lack of a lean implementation progress 
tracking system, lean improvement effort may not be sustainable in the organization. 
This research developed a decision support tool (DST) since such software is not 
readily available for the developed methodologies. DST helped to select appropriate 
lean strategy and calculate the leanness performance values of selected 
manufacturing processes in the case organization. Hence, this achieves the objective 
of sustaining the lean implementation efforts.  
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The integration of lean strategy selection methodology, and the fuzzy based 
model in the entire lean assessment model through DST provided a robust approach 
to dynamically suggest lean strategies for the case organization and evaluate leanness 
levels. Based on the model output, the developed method provided optimum lean 
strategies for the case organization and a means to evaluate them. This tool helps 
decision makers to create and save scenarios for the future comparison. Before and 
after lean implementation data can be stored in this decision support tool. This is how 
tradeoffs between the lean strategies can be quantified using different leanness values 
of this specific organization or specific production line or assembly line. 
7.4 RESEARCH LIMITATIONS AND FUTURE DIRECTIONS 
This dissertation has taken an important step towards a deeper understanding of 
the lean manufacturing philosophy, especially in selecting lean strategies and the 
evaluation of leanness. However, some research limitations are observed: 
• The mapping between the lean tools and wastes are based on general 
relationships in the lean literature and may not apply to every industry. 
The mapping can be validated through further empirical or analytical 
research. 
• The perceived value of implementing a lean strategy is difficult to 
determine before lean implementation. This methodology predicts the 
expected outcome of implementing a lean strategy based on the correlation 
of the lean strategy/wastes matrix and considering the perceived value of 
reducing manufacturing waste given by a manufacturer. However, 
guidelines are provided in Appendix A to determine the perceived 
effectiveness value. These guidelines can be improved/refined in future 
research. 
• In a practical case, it is very difficult to distinguish the effect of forced 
changes of lean implementation. Future research must investigate the 
impact of forced changes on the overall performance of a manufacturing 
system. 
• Cost, productivity, flexibility, and safety may not be taken as equally 
important due to different competitive strategies. However, this research 
considered all these performance measures to be equally important during 
the analysis. 
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• In the proposed models and methods, few lean tools were implemented 
and few wastes were considered. Implemenation of more lean tools to 
reduce wastes can better generalize the findings. 
Based on the findings and outcomes of this research, there are opportunities for 
future research. 
• More real life case studies for validation of the developed mathematical 
models and methodology could be an important extension of this work. 
• Lean strategies and wastes mapping need to be further verified by a 
questionnaire or similar survey of different organizations which have 
already implemented lean strategies in their organizations. 
• Development of a matrix that establish relationships among wastes, lean 
strategies and performance metrics could be further extension of this 
research so that it can be easily identified which lean strategy will directly 
affect which performance. 
• Selection of lean strategies were based on manufacturer identified wastes 
and cost and time constrints. Future research can select lean strategies 
based on identified wastes and only cost or time constraints and can 
compare the results with the present research. 
• Cost, productivity, flexibility, and safety may not be taken as equally 
important due to different competitive strategies. A weighted fuzzy 
leanness measure can be introduced to prioritize different performance 
measures according to the manufacturer’s needs. 
• A dynamic data capturing method (e.g. integrating DST with ERP 
software) for tracking continuous improvement could be a better extension 
of the methodology proposed here. 
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Appendices  
Appendix A 
Estimating value index of lean, lean implementation cost and time 
 Table A.1: Level of Perceived Value Index 
Perceived Value of 
reducing a waste 
Description Sco
re 
Insignificant Reduction of this waste is insignificant for the manufacturer 0-1 
Low Reduction of this waste has minor influence on the manufacturer overall 
performance improvement 
2-4 
Medium Reduction of this waste has medium influence on manufacturer overall 
performance improvement 
5-7 
Critical Reduction of this waste is the most critical target for the manufacturer to 
improve the overall performance 
8-
10 
 
Table A.2: Cost Level 
Cost Level Description Score 
No cost No extra cost is required to implement these lean strategies 0 
Low Cost Dictates to low change in the existing manufacturing system, 
existing system has sufficient facilities to implement the lean 
strategies 
1 
Medium Cost Dictates to medium change in the existing manufacturing system, 
existing system needs some support to implement these lean 
strategies 
2 
High Cost Dictates to high level of change in the existing system, needs 
significant amount of support to implement these lean strategies. 
3 
 
Table A.3: Time Level 
Time Level Description Score 
No Time No extra time is required to implement these lean strategies 0 
Low Time Needs minimum amount of time to change the existing system to 
implement these lean strategies. 
1 
Medium Time Needs some extra time to implement these lean strategies in the existing 
system 
2 
High Time Needs significant amount of time to implement these lean strategies in 
the existing system 
3 
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Table A.4: Lean Implementation Level 
Implementation Level Description Score 
Basic Implementation of a lean strategy in basic level can be described 
as the strategies  are easy to initially design and adapt with the 
existing manufacturing system and require less or sometimes no 
operating, investment, and variable cost as well as planning, 
modification, training, and validation time. 
1 
Moderate Moderate implementation level of lean strategy can be defined as 
the strategies require moderate level of effort to change the 
existing system and need medium level of operating cost, 
investment cost, variable cost as well as require medium level of 
planning, training, modification, and validation time. 
2 
Comprehensive Comprehensive implementation means that these strategies are 
neither easy to initially design nor easy to adapt in the existing 
system and the strategies need high level of cost and significant 
amount of time. 
3 
 
Table A.5: Manufacturing Operations Complexity Level 
Manufacturing 
Operation Complexity  
Level 
Description Score 
Low Very simple operation and easy to change for lean strategies 
implementation. 
1 
Medium Manufacturing process is medium complex and need moderate 
level of effort to change the operational process to implement lean 
strategies. 
2 
High Highly complex manufacturing process and need high level of 
effort to change for lean strategy implementation. 
3 
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Appendix B 
MATLAB code for finding optimum lean strategies 
Case B: Time 
function [combi,b]=LPM_T_Waste(a) 
  
%global combi 
  
  
  
matli=zeros(12,4); 
matcheck=zeros(1,4); 
combi=zeros(1,11); 
  
mattime=[3  2   2   2 
8   5   4   5 
7   5   8   4 
5   5   6   5 
7   8   5   4 
4   4   4   4 
3   4   5   3 
6   6   4   3 
8   7   4   5 
7   7   4   4 
4   3   5   2 
9   8   7   4 
]; 
matconst=[45 40 30 25]; 
perval=[8   9   7   6   5   7   8   4   5   6]; 
  
k=1023;          
rval=zeros(1,10); 
c=1; 
  
while k>0 
    k1=dec2binvec(k,10); 
    for i=1:10 
        rval(1,i)=k1(1,i);         
    end 
    matr = zeros(12,10); 
    if rval(1,1)==1 %%for varing the matrix 
        matr(1,1)=1; 
        matr(8:9,1)=1; 
    end 
    if rval(1,2)==1 
        matr(10,2)=1; 
    end 
    if rval(1,3)==1 
        matr(4,3)=1; 
    end 
    if rval(1,4)==1 
        matr(9,4)=1; 
    end 
    if rval(1,5)==1 
        matr(3,5)=1; 
        matr(5:6,5)=1; 
    end 
    if rval(1,6)==1 
        matr(7,6)=1;%% 
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    end 
    if rval(1,7)==1 
        matr(2,7)=1; 
        matr(11,7)=1; 
    end 
    if rval(1,8)==1 
        matr(3,8)=1; 
        matr(5,8)=1; 
        matr(9,8)=1; 
    end 
    if rval(1,9)==1; 
        matr(3,9)=1; 
        matr(5,9)=1; 
    end 
    if rval(1,10)==1; 
        matr(12,10)=1; 
    end %%finish varing matrix 
     
    %%matr (20,10)= matr; define new matrix 
             
    matx=sum(matr')'; 
    for i=1:12 
        if matx(i,1)>=1 
            matx(i,1)=1; 
        else 
            matx(i,1)=0; 
        end    
    end 
  
    for i=1:12 
        matli(i,1)=matx(i,1)*mattime(i,1); 
        matli(i,2)=matx(i,1)*mattime(i,2); 
        matli(i,3)=matx(i,1)*mattime(i,3); 
        matli(i,4)=matx(i,1)*mattime(i,4); 
    end 
  
    summatli=sum(matli); 
  
    for j=1:4 
        if summatli(1,j)>matconst(1,j) 
            matcheck(1,j)=0; 
        else 
            matcheck(1,j)=1; 
        end 
    end     
  
    check=sum(matcheck); 
     
    if check==4    
        maty=sum(matr); %Perceived value sum 
        for i=1:10             
            combi(c,i+1)=rval(1,i);    
            if maty(1,i)>0 
                maty(1,i)=perval(1,i); 
            else 
                maty(1,i)=0; 
            end 
        end 
        combi(c,1)=sum(maty); 
        c=c+1;         
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    end     
    comb=combi; 
    k=k-1;     
end 
  
[maxval,maxloc]=max(comb); 
maxcomb=comb(maxloc(1,1),:); 
sortcomb=sortrows(comb); 
  
xlswrite('LPM_T_Waste.xlsx',sortcomb,'Comb','A3'); 
xlswrite('LPM_T_Waste.xlsx',maxcomb,'Comb','A2'); 
b=a+1; % just to check working 
 
 
Case C: Cost and time with unneeded motion most critical wastes and initial 
constraints 
function [combi,b]=LPM_C_T_Waste(a) 
  
%global combi 
  
  
  
matli=zeros(12,7); 
matcheck=zeros(1,7); 
combi=zeros(1,11); 
  
mattime=[2  2   0   3   2   2   2 
8   8   2   8   5   4   5 
7   5   3   7   5   8   4 
8   5   4   5   5   6   5 
7   6   4   7   8   5   4 
4   2   0   4   4   4   4 
3   0   2   3   4   5   3 
5   6   3   6   6   4   3 
6   5   2   8   7   4   5 
7   5   2   7   7   4   4 
4   2   2   4   3   5   2 
7   9   3   9   8   7   4 
]; 
matconst=[40 30 30  45  55  35  35]; 
perval=[9   8   7   6   5   7   8   4   5   6]; 
  
k=1023;          
rval=zeros(1,10); 
c=1; 
  
while k>0 
    k1=dec2binvec(k,10); 
    for i=1:10 
        rval(1,i)=k1(1,i);         
    end 
    matr = zeros(12,10); 
    if rval(1,1)==1 %%for varing the matrix 
        matr(1,1)=1; 
        matr(8:9,1)=1; 
    end 
    if rval(1,2)==1 
        matr(10,2)=1; 
    end 
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    if rval(1,3)==1 
        matr(4,3)=1; 
    end 
    if rval(1,4)==1 
        matr(9,4)=1; 
    end 
    if rval(1,5)==1 
        matr(3,5)=1; 
        matr(5:6,5)=1; 
    end 
    if rval(1,6)==1 
        matr(7,6)=1;%% 
    end 
    if rval(1,7)==1 
        matr(2,7)=1; 
        matr(11,7)=1; 
    end 
    if rval(1,8)==1 
        matr(3,8)=1; 
        matr(5,8)=1; 
        matr(9,8)=1; 
    end 
    if rval(1,9)==1; 
        matr(3,9)=1; 
        matr(5,9)=1; 
    end 
    if rval(1,10)==1; 
        matr(12,10)=1; 
    end %%finish varing matrix 
     
    %%matr (20,10)= matr; define new matrix 
             
    matx=sum(matr')'; 
    for i=1:12 
        if matx(i,1)>=1 
            matx(i,1)=1; 
        else 
            matx(i,1)=0; 
        end    
    end 
  
    for i=1:12 
        matli(i,1)=matx(i,1)*mattime(i,1); 
        matli(i,2)=matx(i,1)*mattime(i,2); 
        matli(i,3)=matx(i,1)*mattime(i,3); 
        matli(i,4)=matx(i,1)*mattime(i,4); 
        matli(i,5)=matx(i,1)*mattime(i,5); 
        matli(i,6)=matx(i,1)*mattime(i,6); 
        matli(i,7)=matx(i,1)*mattime(i,7); 
    end 
  
    summatli=sum(matli); 
  
    for j=1:7 
        if summatli(1,j)>matconst(1,j) 
            matcheck(1,j)=0; 
        else 
            matcheck(1,j)=1; 
        end 
    end     
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    check=sum(matcheck); 
     
    if check==7    
        maty=sum(matr); %Perceived value sum 
        for i=1:10             
            combi(c,i+1)=rval(1,i);    
            if maty(1,i)>0 
                maty(1,i)=perval(1,i); 
            else 
                maty(1,i)=0; 
            end 
        end 
        combi(c,1)=sum(maty); 
        c=c+1;         
    end     
    comb=combi; 
    k=k-1;     
end 
  
[maxval,maxloc]=max(comb); 
maxcomb=comb(maxloc(1,1),:); 
sortcomb=sortrows(comb); 
  
xlswrite('LPM_C_T_Waste.xlsx',sortcomb,'Comb','A3'); 
xlswrite('LPM_C_T_Waste.xlsx',maxcomb,'Comb','A2'); 
b=a+1; % just to check working 
 
Dynamic situation with setup time most critical wastes and readjusted 
constraints 
 
function [combi,b]=LPM_C_T_Waste(a) 
  
%global combi 
  
  
  
matli=zeros(12,7); 
matcheck=zeros(1,7); 
combi=zeros(1,11); 
  
mattime=[2  2   0   3   2   2   2 
8   8   2   8   5   4   5 
7   5   3   7   5   8   4 
8   5   4   5   5   6   5 
7   6   4   7   8   5   4 
4   2   0   4   4   4   4 
3   0   2   3   4   5   3 
5   6   3   6   6   4   3 
6   5   2   8   7   4   5 
7   5   2   7   7   4   4 
4   2   2   4   3   5   2 
7   9   3   9   8   7   4 
]; 
matconst=[45 35 20  50  45  45  35]; 
perval=[8   9   7   6   5   7   8   4   5   6]; 
  
k=1023;          
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rval=zeros(1,10); 
c=1; 
  
while k>0 
    k1=dec2binvec(k,10); 
    for i=1:10 
        rval(1,i)=k1(1,i);         
    end 
    matr = zeros(12,10); 
    if rval(1,1)==1 %%for varing the matrix 
        matr(1,1)=1; 
        matr(8:9,1)=1; 
    end 
    if rval(1,2)==1 
        matr(10,2)=1; 
    end 
    if rval(1,3)==1 
        matr(4,3)=1; 
    end 
    if rval(1,4)==1 
        matr(9,4)=1; 
    end 
    if rval(1,5)==1 
        matr(3,5)=1; 
        matr(5:6,5)=1; 
    end 
    if rval(1,6)==1 
        matr(7,6)=1;%% 
    end 
    if rval(1,7)==1 
        matr(2,7)=1; 
        matr(11,7)=1; 
    end 
    if rval(1,8)==1 
        matr(3,8)=1; 
        matr(5,8)=1; 
        matr(9,8)=1; 
    end 
    if rval(1,9)==1; 
        matr(3,9)=1; 
        matr(5,9)=1; 
    end 
    if rval(1,10)==1; 
        matr(12,10)=1; 
    end %%finish varing matrix 
     
    %%matr (20,10)= matr; define new matrix 
             
    matx=sum(matr')'; 
    for i=1:12 
        if matx(i,1)>=1 
            matx(i,1)=1; 
        else 
            matx(i,1)=0; 
        end    
    end 
  
    for i=1:12 
        matli(i,1)=matx(i,1)*mattime(i,1); 
        matli(i,2)=matx(i,1)*mattime(i,2); 
        matli(i,3)=matx(i,1)*mattime(i,3); 
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        matli(i,4)=matx(i,1)*mattime(i,4); 
        matli(i,5)=matx(i,1)*mattime(i,5); 
        matli(i,6)=matx(i,1)*mattime(i,6); 
        matli(i,7)=matx(i,1)*mattime(i,7); 
    end 
  
    summatli=sum(matli); 
  
    for j=1:7 
        if summatli(1,j)>matconst(1,j) 
            matcheck(1,j)=0; 
        else 
            matcheck(1,j)=1; 
        end 
    end     
  
    check=sum(matcheck); 
     
    if check==7    
        maty=sum(matr); %Perceived value sum 
        for i=1:10             
            combi(c,i+1)=rval(1,i);    
            if maty(1,i)>0 
                maty(1,i)=perval(1,i); 
            else 
                maty(1,i)=0; 
            end 
        end 
        combi(c,1)=sum(maty); 
        c=c+1;         
    end     
    comb=combi; 
    k=k-1;     
end 
  
[maxval,maxloc]=max(comb); 
maxcomb=comb(maxloc(1,1),:); 
sortcomb=sortrows(comb); 
  
xlswrite('LPM_C_T_Waste.xlsx',sortcomb,'Comb','A3'); 
xlswrite('LPM_C_T_Waste.xlsx',maxcomb,'Comb','A2'); 
b=a+1; % just to check working 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Appendices 207 
Table B.1: Suggested Lean Strategies for Identified Wastes 
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33 0 0 0 1 1 1 0 1 1 1 
27 0 0 0 0 1 1 0 1 1 1 
35 0 0 1 1 0 1 0 1 1 1 
36 0 1 0 1 0 1 0 1 1 1 
28 0 0 0 1 0 1 0 1 1 1 
29 0 0 1 0 0 1 0 1 1 1 
30 0 1 0 0 0 1 0 1 1 1 
22 0 0 0 0 0 1 0 1 1 1 
26 0 0 0 1 1 0 0 1 1 1 
20 0 0 0 0 1 0 0 1 1 1 
28 0 0 1 1 0 0 0 1 1 1 
29 0 1 0 1 0 0 0 1 1 1 
21 0 0 0 1 0 0 0 1 1 1 
22 0 0 1 0 0 0 0 1 1 1 
23 0 1 0 0 0 0 0 1 1 1 
15 0 0 0 0 0 0 0 1 1 1 
26 0 0 0 0 0 1 1 0 1 1 
19 0 0 0 0 0 0 1 0 1 1 
29 0 0 0 1 1 1 0 0 1 1 
30 0 0 1 0 1 1 0 0 1 1 
31 0 1 0 0 1 1 0 0 1 1 
23 0 0 0 0 1 1 0 0 1 1 
31 0 0 1 1 0 1 0 0 1 1 
32 0 1 0 1 0 1 0 0 1 1 
24 0 0 0 1 0 1 0 0 1 1 
33 0 1 1 0 0 1 0 0 1 1 
25 0 0 1 0 0 1 0 0 1 1 
26 0 1 0 0 0 1 0 0 1 1 
18 0 0 0 0 0 1 0 0 1 1 
22 0 0 0 1 1 0 0 0 1 1 
23 0 0 1 0 1 0 0 0 1 1 
24 0 1 0 0 1 0 0 0 1 1 
16 0 0 0 0 1 0 0 0 1 1 
24 0 0 1 1 0 0 0 0 1 1 
25 0 1 0 1 0 0 0 0 1 1 
17 0 0 0 1 0 0 0 0 1 1 
26 0 1 1 0 0 0 0 0 1 1 
18 0 0 1 0 0 0 0 0 1 1 
19 0 1 0 0 0 0 0 0 1 1 
11 0 0 0 0 0 0 0 0 1 1 
28 0 0 0 1 1 1 0 1 0 1 
22 0 0 0 0 1 1 0 1 0 1 
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30 0 0 1 1 0 1 0 1 0 1 
31 0 1 0 1 0 1 0 1 0 1 
23 0 0 0 1 0 1 0 1 0 1 
24 0 0 1 0 0 1 0 1 0 1 
25 0 1 0 0 0 1 0 1 0 1 
17 0 0 0 0 0 1 0 1 0 1 
21 0 0 0 1 1 0 0 1 0 1 
15 0 0 0 0 1 0 0 1 0 1 
23 0 0 1 1 0 0 0 1 0 1 
24 0 1 0 1 0 0 0 1 0 1 
16 0 0 0 1 0 0 0 1 0 1 
17 0 0 1 0 0 0 0 1 0 1 
18 0 1 0 0 0 0 0 1 0 1 
10 0 0 0 0 0 0 0 1 0 1 
34 0 0 1 1 0 1 1 0 0 1 
35 0 1 0 1 0 1 1 0 0 1 
27 0 0 0 1 0 1 1 0 0 1 
36 0 1 1 0 0 1 1 0 0 1 
28 0 0 1 0 0 1 1 0 0 1 
29 0 1 0 0 0 1 1 0 0 1 
21 0 0 0 0 0 1 1 0 0 1 
27 0 0 1 1 0 0 1 0 0 1 
28 0 1 0 1 0 0 1 0 0 1 
20 0 0 0 1 0 0 1 0 0 1 
29 0 1 1 0 0 0 1 0 0 1 
21 0 0 1 0 0 0 1 0 0 1 
22 0 1 0 0 0 0 1 0 0 1 
14 0 0 0 0 0 0 1 0 0 1 
24 0 0 0 1 1 1 0 0 0 1 
25 0 0 1 0 1 1 0 0 0 1 
26 0 1 0 0 1 1 0 0 0 1 
18 0 0 0 0 1 1 0 0 0 1 
34 0 1 1 1 0 1 0 0 0 1 
35 1 0 1 1 0 1 0 0 0 1 
26 0 0 1 1 0 1 0 0 0 1 
36 1 1 0 1 0 1 0 0 0 1 
27 0 1 0 1 0 1 0 0 0 1 
28 1 0 0 1 0 1 0 0 0 1 
19 0 0 0 1 0 1 0 0 0 1 
28 0 1 1 0 0 1 0 0 0 1 
29 1 0 1 0 0 1 0 0 0 1 
20 0 0 1 0 0 1 0 0 0 1 
30 1 1 0 0 0 1 0 0 0 1 
21 0 1 0 0 0 1 0 0 0 1 
22 1 0 0 0 0 1 0 0 0 1 
13 0 0 0 0 0 1 0 0 0 1 
17 0 0 0 1 1 0 0 0 0 1 
18 0 0 1 0 1 0 0 0 0 1 
19 0 1 0 0 1 0 0 0 0 1 
11 0 0 0 0 1 0 0 0 0 1 
27 0 1 1 1 0 0 0 0 0 1 
28 1 0 1 1 0 0 0 0 0 1 
19 0 0 1 1 0 0 0 0 0 1 
29 1 1 0 1 0 0 0 0 0 1 
20 0 1 0 1 0 0 0 0 0 1 
21 1 0 0 1 0 0 0 0 0 1 
12 0 0 0 1 0 0 0 0 0 1 
21 0 1 1 0 0 0 0 0 0 1 
22 1 0 1 0 0 0 0 0 0 1 
13 0 0 1 0 0 0 0 0 0 1 
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23 1 1 0 0 0 0 0 0 0 1 
14 0 1 0 0 0 0 0 0 0 1 
15 1 0 0 0 0 0 0 0 0 1 
6 0 0 0 0 0 0 0 0 0 1 
35 0 0 0 1 1 1 1 1 1 0 
29 0 0 0 0 1 1 1 1 1 0 
30 0 0 0 1 0 1 1 1 1 0 
24 0 0 0 0 0 1 1 1 1 0 
28 0 0 0 1 1 0 1 1 1 0 
22 0 0 0 0 1 0 1 1 1 0 
23 0 0 0 1 0 0 1 1 1 0 
17 0 0 0 0 0 0 1 1 1 0 
34 0 0 1 1 1 1 0 1 1 0 
35 0 1 0 1 1 1 0 1 1 0 
36 1 0 0 1 1 1 0 1 1 0 
27 0 0 0 1 1 1 0 1 1 0 
28 0 0 1 0 1 1 0 1 1 0 
29 0 1 0 0 1 1 0 1 1 0 
30 1 0 0 0 1 1 0 1 1 0 
21 0 0 0 0 1 1 0 1 1 0 
37 0 1 1 1 0 1 0 1 1 0 
38 1 0 1 1 0 1 0 1 1 0 
29 0 0 1 1 0 1 0 1 1 0 
39 1 1 0 1 0 1 0 1 1 0 
30 0 1 0 1 0 1 0 1 1 0 
31 1 0 0 1 0 1 0 1 1 0 
22 0 0 0 1 0 1 0 1 1 0 
31 0 1 1 0 0 1 0 1 1 0 
32 1 0 1 0 0 1 0 1 1 0 
23 0 0 1 0 0 1 0 1 1 0 
33 1 1 0 0 0 1 0 1 1 0 
24 0 1 0 0 0 1 0 1 1 0 
25 1 0 0 0 0 1 0 1 1 0 
16 0 0 0 0 0 1 0 1 1 0 
35 0 1 1 1 1 0 0 1 1 0 
27 0 0 1 1 1 0 0 1 1 0 
28 0 1 0 1 1 0 0 1 1 0 
29 1 0 0 1 1 0 0 1 1 0 
20 0 0 0 1 1 0 0 1 1 0 
29 0 1 1 0 1 0 0 1 1 0 
21 0 0 1 0 1 0 0 1 1 0 
22 0 1 0 0 1 0 0 1 1 0 
23 1 0 0 0 1 0 0 1 1 0 
14 0 0 0 0 1 0 0 1 1 0 
30 0 1 1 1 0 0 0 1 1 0 
31 1 0 1 1 0 0 0 1 1 0 
22 0 0 1 1 0 0 0 1 1 0 
32 1 1 0 1 0 0 0 1 1 0 
23 0 1 0 1 0 0 0 1 1 0 
24 1 0 0 1 0 0 0 1 1 0 
15 0 0 0 1 0 0 0 1 1 0 
24 0 1 1 0 0 0 0 1 1 0 
25 1 0 1 0 0 0 0 1 1 0 
16 0 0 1 0 0 0 0 1 1 0 
26 1 1 0 0 0 0 0 1 1 0 
17 0 1 0 0 0 0 0 1 1 0 
18 1 0 0 0 0 0 0 1 1 0 
9 0 0 0 0 0 0 0 1 1 0 
31 0 0 0 1 1 1 1 0 1 0 
33 0 1 0 0 1 1 1 0 1 0 
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25 0 0 0 0 1 1 1 0 1 0 
26 0 0 0 1 0 1 1 0 1 0 
27 0 0 1 0 0 1 1 0 1 0 
28 0 1 0 0 0 1 1 0 1 0 
20 0 0 0 0 0 1 1 0 1 0 
24 0 0 0 1 1 0 1 0 1 0 
25 0 0 1 0 1 0 1 0 1 0 
26 0 1 0 0 1 0 1 0 1 0 
18 0 0 0 0 1 0 1 0 1 0 
19 0 0 0 1 0 0 1 0 1 0 
20 0 0 1 0 0 0 1 0 1 0 
21 0 1 0 0 0 0 1 0 1 0 
13 0 0 0 0 0 0 1 0 1 0 
30 0 0 1 1 1 1 0 0 1 0 
31 0 1 0 1 1 1 0 0 1 0 
32 1 0 0 1 1 1 0 0 1 0 
23 0 0 0 1 1 1 0 0 1 0 
32 0 1 1 0 1 1 0 0 1 0 
24 0 0 1 0 1 1 0 0 1 0 
25 0 1 0 0 1 1 0 0 1 0 
26 1 0 0 0 1 1 0 0 1 0 
17 0 0 0 0 1 1 0 0 1 0 
33 0 1 1 1 0 1 0 0 1 0 
34 1 0 1 1 0 1 0 0 1 0 
25 0 0 1 1 0 1 0 0 1 0 
35 1 1 0 1 0 1 0 0 1 0 
26 0 1 0 1 0 1 0 0 1 0 
27 1 0 0 1 0 1 0 0 1 0 
18 0 0 0 1 0 1 0 0 1 0 
27 0 1 1 0 0 1 0 0 1 0 
28 1 0 1 0 0 1 0 0 1 0 
19 0 0 1 0 0 1 0 0 1 0 
29 1 1 0 0 0 1 0 0 1 0 
20 0 1 0 0 0 1 0 0 1 0 
21 1 0 0 0 0 1 0 0 1 0 
12 0 0 0 0 0 1 0 0 1 0 
31 0 1 1 1 1 0 0 0 1 0 
23 0 0 1 1 1 0 0 0 1 0 
24 0 1 0 1 1 0 0 0 1 0 
25 1 0 0 1 1 0 0 0 1 0 
16 0 0 0 1 1 0 0 0 1 0 
25 0 1 1 0 1 0 0 0 1 0 
17 0 0 1 0 1 0 0 0 1 0 
18 0 1 0 0 1 0 0 0 1 0 
19 1 0 0 0 1 0 0 0 1 0 
10 0 0 0 0 1 0 0 0 1 0 
26 0 1 1 1 0 0 0 0 1 0 
27 1 0 1 1 0 0 0 0 1 0 
18 0 0 1 1 0 0 0 0 1 0 
28 1 1 0 1 0 0 0 0 1 0 
19 0 1 0 1 0 0 0 0 1 0 
20 1 0 0 1 0 0 0 0 1 0 
11 0 0 0 1 0 0 0 0 1 0 
20 0 1 1 0 0 0 0 0 1 0 
21 1 0 1 0 0 0 0 0 1 0 
12 0 0 1 0 0 0 0 0 1 0 
22 1 1 0 0 0 0 0 0 1 0 
13 0 1 0 0 0 0 0 0 1 0 
14 1 0 0 0 0 0 0 0 1 0 
5 0 0 0 0 0 0 0 0 1 0 
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30 0 0 0 1 1 1 1 1 0 0 
24 0 0 0 0 1 1 1 1 0 0 
25 0 0 0 1 0 1 1 1 0 0 
19 0 0 0 0 0 1 1 1 0 0 
23 0 0 0 1 1 0 1 1 0 0 
17 0 0 0 0 1 0 1 1 0 0 
18 0 0 0 1 0 0 1 1 0 0 
12 0 0 0 0 0 0 1 1 0 0 
29 0 0 1 1 1 1 0 1 0 0 
30 0 1 0 1 1 1 0 1 0 0 
31 1 0 0 1 1 1 0 1 0 0 
22 0 0 0 1 1 1 0 1 0 0 
23 0 0 1 0 1 1 0 1 0 0 
24 0 1 0 0 1 1 0 1 0 0 
25 1 0 0 0 1 1 0 1 0 0 
16 0 0 0 0 1 1 0 1 0 0 
32 0 1 1 1 0 1 0 1 0 0 
33 1 0 1 1 0 1 0 1 0 0 
24 0 0 1 1 0 1 0 1 0 0 
34 1 1 0 1 0 1 0 1 0 0 
25 0 1 0 1 0 1 0 1 0 0 
26 1 0 0 1 0 1 0 1 0 0 
17 0 0 0 1 0 1 0 1 0 0 
26 0 1 1 0 0 1 0 1 0 0 
27 1 0 1 0 0 1 0 1 0 0 
18 0 0 1 0 0 1 0 1 0 0 
28 1 1 0 0 0 1 0 1 0 0 
19 0 1 0 0 0 1 0 1 0 0 
20 1 0 0 0 0 1 0 1 0 0 
11 0 0 0 0 0 1 0 1 0 0 
30 0 1 1 1 1 0 0 1 0 0 
22 0 0 1 1 1 0 0 1 0 0 
23 0 1 0 1 1 0 0 1 0 0 
24 1 0 0 1 1 0 0 1 0 0 
15 0 0 0 1 1 0 0 1 0 0 
24 0 1 1 0 1 0 0 1 0 0 
16 0 0 1 0 1 0 0 1 0 0 
17 0 1 0 0 1 0 0 1 0 0 
18 1 0 0 0 1 0 0 1 0 0 
9 0 0 0 0 1 0 0 1 0 0 
25 0 1 1 1 0 0 0 1 0 0 
26 1 0 1 1 0 0 0 1 0 0 
17 0 0 1 1 0 0 0 1 0 0 
27 1 1 0 1 0 0 0 1 0 0 
18 0 1 0 1 0 0 0 1 0 0 
19 1 0 0 1 0 0 0 1 0 0 
10 0 0 0 1 0 0 0 1 0 0 
19 0 1 1 0 0 0 0 1 0 0 
20 1 0 1 0 0 0 0 1 0 0 
11 0 0 1 0 0 0 0 1 0 0 
21 1 1 0 0 0 0 0 1 0 0 
12 0 1 0 0 0 0 0 1 0 0 
13 1 0 0 0 0 0 0 1 0 0 
4 0 0 0 0 0 0 0 1 0 0 
26 0 0 0 1 1 1 1 0 0 0 
28 0 1 0 0 1 1 1 0 0 0 
20 0 0 0 0 1 1 1 0 0 0 
36 0 1 1 1 0 1 1 0 0 0 
37 1 0 1 1 0 1 1 0 0 0 
28 0 0 1 1 0 1 1 0 0 0 
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38 1 1 0 1 0 1 1 0 0 0 
29 0 1 0 1 0 1 1 0 0 0 
30 1 0 0 1 0 1 1 0 0 0 
21 0 0 0 1 0 1 1 0 0 0 
30 0 1 1 0 0 1 1 0 0 0 
31 1 0 1 0 0 1 1 0 0 0 
22 0 0 1 0 0 1 1 0 0 0 
32 1 1 0 0 0 1 1 0 0 0 
23 0 1 0 0 0 1 1 0 0 0 
24 1 0 0 0 0 1 1 0 0 0 
15 0 0 0 0 0 1 1 0 0 0 
19 0 0 0 1 1 0 1 0 0 0 
20 0 0 1 0 1 0 1 0 0 0 
21 0 1 0 0 1 0 1 0 0 0 
13 0 0 0 0 1 0 1 0 0 0 
29 0 1 1 1 0 0 1 0 0 0 
30 1 0 1 1 0 0 1 0 0 0 
21 0 0 1 1 0 0 1 0 0 0 
31 1 1 0 1 0 0 1 0 0 0 
22 0 1 0 1 0 0 1 0 0 0 
23 1 0 0 1 0 0 1 0 0 0 
14 0 0 0 1 0 0 1 0 0 0 
23 0 1 1 0 0 0 1 0 0 0 
24 1 0 1 0 0 0 1 0 0 0 
15 0 0 1 0 0 0 1 0 0 0 
25 1 1 0 0 0 0 1 0 0 0 
16 0 1 0 0 0 0 1 0 0 0 
17 1 0 0 0 0 0 1 0 0 0 
8 0 0 0 0 0 0 1 0 0 0 
25 0 0 1 1 1 1 0 0 0 0 
26 0 1 0 1 1 1 0 0 0 0 
27 1 0 0 1 1 1 0 0 0 0 
18 0 0 0 1 1 1 0 0 0 0 
27 0 1 1 0 1 1 0 0 0 0 
19 0 0 1 0 1 1 0 0 0 0 
20 0 1 0 0 1 1 0 0 0 0 
21 1 0 0 0 1 1 0 0 0 0 
12 0 0 0 0 1 1 0 0 0 0 
37 1 1 1 1 0 1 0 0 0 0 
28 0 1 1 1 0 1 0 0 0 0 
29 1 0 1 1 0 1 0 0 0 0 
20 0 0 1 1 0 1 0 0 0 0 
30 1 1 0 1 0 1 0 0 0 0 
21 0 1 0 1 0 1 0 0 0 0 
22 1 0 0 1 0 1 0 0 0 0 
13 0 0 0 1 0 1 0 0 0 0 
31 1 1 1 0 0 1 0 0 0 0 
22 0 1 1 0 0 1 0 0 0 0 
23 1 0 1 0 0 1 0 0 0 0 
14 0 0 1 0 0 1 0 0 0 0 
24 1 1 0 0 0 1 0 0 0 0 
15 0 1 0 0 0 1 0 0 0 0 
16 1 0 0 0 0 1 0 0 0 0 
7 0 0 0 0 0 1 0 0 0 0 
26 0 1 1 1 1 0 0 0 0 0 
18 0 0 1 1 1 0 0 0 0 0 
19 0 1 0 1 1 0 0 0 0 0 
20 1 0 0 1 1 0 0 0 0 0 
11 0 0 0 1 1 0 0 0 0 0 
20 0 1 1 0 1 0 0 0 0 0 
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12 0 0 1 0 1 0 0 0 0 0 
13 0 1 0 0 1 0 0 0 0 0 
14 1 0 0 0 1 0 0 0 0 0 
5 0 0 0 0 1 0 0 0 0 0 
30 1 1 1 1 0 0 0 0 0 0 
21 0 1 1 1 0 0 0 0 0 0 
22 1 0 1 1 0 0 0 0 0 0 
13 0 0 1 1 0 0 0 0 0 0 
23 1 1 0 1 0 0 0 0 0 0 
14 0 1 0 1 0 0 0 0 0 0 
15 1 0 0 1 0 0 0 0 0 0 
6 0 0 0 1 0 0 0 0 0 0 
24 1 1 1 0 0 0 0 0 0 0 
15 0 1 1 0 0 0 0 0 0 0 
16 1 0 1 0 0 0 0 0 0 0 
7 0 0 1 0 0 0 0 0 0 0 
17 1 1 0 0 0 0 0 0 0 0 
8 0 1 0 0 0 0 0 0 0 0 
9 1 0 0 0 0 0 0 0 0 0 
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Table B.2: Suggested Lean Strategies for Identified Wastes in Dynamic Condition 
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36 0 0 0 1 0 1 1 1 1 1 
30 0 0 0 0 0 1 1 1 1 1 
29 0 0 0 1 0 0 1 1 1 1 
23 0 0 0 0 0 0 1 1 1 1 
40 0 0 1 1 1 1 0 1 1 1 
42 0 1 0 1 1 1 0 1 1 1 
41 1 0 0 1 1 1 0 1 1 1 
33 0 0 0 1 1 1 0 1 1 1 
34 0 0 1 0 1 1 0 1 1 1 
36 0 1 0 0 1 1 0 1 1 1 
35 1 0 0 0 1 1 0 1 1 1 
27 0 0 0 0 1 1 0 1 1 1 
44 0 1 1 1 0 1 0 1 1 1 
35 0 0 1 1 0 1 0 1 1 1 
37 0 1 0 1 0 1 0 1 1 1 
36 1 0 0 1 0 1 0 1 1 1 
28 0 0 0 1 0 1 0 1 1 1 
38 0 1 1 0 0 1 0 1 1 1 
29 0 0 1 0 0 1 0 1 1 1 
31 0 1 0 0 0 1 0 1 1 1 
30 1 0 0 0 0 1 0 1 1 1 
22 0 0 0 0 0 1 0 1 1 1 
33 0 0 1 1 1 0 0 1 1 1 
35 0 1 0 1 1 0 0 1 1 1 
34 1 0 0 1 1 0 0 1 1 1 
26 0 0 0 1 1 0 0 1 1 1 
27 0 0 1 0 1 0 0 1 1 1 
29 0 1 0 0 1 0 0 1 1 1 
28 1 0 0 0 1 0 0 1 1 1 
20 0 0 0 0 1 0 0 1 1 1 
37 0 1 1 1 0 0 0 1 1 1 
28 0 0 1 1 0 0 0 1 1 1 
30 0 1 0 1 0 0 0 1 1 1 
29 1 0 0 1 0 0 0 1 1 1 
21 0 0 0 1 0 0 0 1 1 1 
31 0 1 1 0 0 0 0 1 1 1 
22 0 0 1 0 0 0 0 1 1 1 
24 0 1 0 0 0 0 0 1 1 1 
23 1 0 0 0 0 0 0 1 1 1 
15 0 0 0 0 0 0 0 1 1 1 
31 0 0 0 0 1 1 1 0 1 1 
32 0 0 0 1 0 1 1 0 1 1 
33 0 0 1 0 0 1 1 0 1 1 
35 0 1 0 0 0 1 1 0 1 1 
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26 0 0 0 0 0 1 1 0 1 1 
24 0 0 0 0 1 0 1 0 1 1 
25 0 0 0 1 0 0 1 0 1 1 
26 0 0 1 0 0 0 1 0 1 1 
28 0 1 0 0 0 0 1 0 1 1 
19 0 0 0 0 0 0 1 0 1 1 
36 0 0 1 1 1 1 0 0 1 1 
38 0 1 0 1 1 1 0 0 1 1 
37 1 0 0 1 1 1 0 0 1 1 
29 0 0 0 1 1 1 0 0 1 1 
39 0 1 1 0 1 1 0 0 1 1 
30 0 0 1 0 1 1 0 0 1 1 
32 0 1 0 0 1 1 0 0 1 1 
31 1 0 0 0 1 1 0 0 1 1 
23 0 0 0 0 1 1 0 0 1 1 
40 0 1 1 1 0 1 0 0 1 1 
31 0 0 1 1 0 1 0 0 1 1 
33 0 1 0 1 0 1 0 0 1 1 
32 1 0 0 1 0 1 0 0 1 1 
24 0 0 0 1 0 1 0 0 1 1 
34 0 1 1 0 0 1 0 0 1 1 
25 0 0 1 0 0 1 0 0 1 1 
27 0 1 0 0 0 1 0 0 1 1 
26 1 0 0 0 0 1 0 0 1 1 
18 0 0 0 0 0 1 0 0 1 1 
29 0 0 1 1 1 0 0 0 1 1 
31 0 1 0 1 1 0 0 0 1 1 
30 1 0 0 1 1 0 0 0 1 1 
22 0 0 0 1 1 0 0 0 1 1 
32 0 1 1 0 1 0 0 0 1 1 
23 0 0 1 0 1 0 0 0 1 1 
25 0 1 0 0 1 0 0 0 1 1 
24 1 0 0 0 1 0 0 0 1 1 
16 0 0 0 0 1 0 0 0 1 1 
33 0 1 1 1 0 0 0 0 1 1 
24 0 0 1 1 0 0 0 0 1 1 
26 0 1 0 1 0 0 0 0 1 1 
25 1 0 0 1 0 0 0 0 1 1 
17 0 0 0 1 0 0 0 0 1 1 
27 0 1 1 0 0 0 0 0 1 1 
18 0 0 1 0 0 0 0 0 1 1 
20 0 1 0 0 0 0 0 0 1 1 
19 1 0 0 0 0 0 0 0 1 1 
11 0 0 0 0 0 0 0 0 1 1 
31 0 0 0 1 0 1 1 1 0 1 
25 0 0 0 0 0 1 1 1 0 1 
24 0 0 0 1 0 0 1 1 0 1 
18 0 0 0 0 0 0 1 1 0 1 
35 0 0 1 1 1 1 0 1 0 1 
37 0 1 0 1 1 1 0 1 0 1 
36 1 0 0 1 1 1 0 1 0 1 
28 0 0 0 1 1 1 0 1 0 1 
29 0 0 1 0 1 1 0 1 0 1 
31 0 1 0 0 1 1 0 1 0 1 
30 1 0 0 0 1 1 0 1 0 1 
22 0 0 0 0 1 1 0 1 0 1 
39 0 1 1 1 0 1 0 1 0 1 
30 0 0 1 1 0 1 0 1 0 1 
32 0 1 0 1 0 1 0 1 0 1 
31 1 0 0 1 0 1 0 1 0 1 
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23 0 0 0 1 0 1 0 1 0 1 
33 0 1 1 0 0 1 0 1 0 1 
24 0 0 1 0 0 1 0 1 0 1 
26 0 1 0 0 0 1 0 1 0 1 
25 1 0 0 0 0 1 0 1 0 1 
17 0 0 0 0 0 1 0 1 0 1 
28 0 0 1 1 1 0 0 1 0 1 
30 0 1 0 1 1 0 0 1 0 1 
29 1 0 0 1 1 0 0 1 0 1 
21 0 0 0 1 1 0 0 1 0 1 
22 0 0 1 0 1 0 0 1 0 1 
24 0 1 0 0 1 0 0 1 0 1 
23 1 0 0 0 1 0 0 1 0 1 
15 0 0 0 0 1 0 0 1 0 1 
32 0 1 1 1 0 0 0 1 0 1 
23 0 0 1 1 0 0 0 1 0 1 
25 0 1 0 1 0 0 0 1 0 1 
24 1 0 0 1 0 0 0 1 0 1 
16 0 0 0 1 0 0 0 1 0 1 
26 0 1 1 0 0 0 0 1 0 1 
17 0 0 1 0 0 0 0 1 0 1 
19 0 1 0 0 0 0 0 1 0 1 
18 1 0 0 0 0 0 0 1 0 1 
10 0 0 0 0 0 0 0 1 0 1 
26 0 0 0 0 1 1 1 0 0 1 
43 0 1 1 1 0 1 1 0 0 1 
34 0 0 1 1 0 1 1 0 0 1 
36 0 1 0 1 0 1 1 0 0 1 
35 1 0 0 1 0 1 1 0 0 1 
27 0 0 0 1 0 1 1 0 0 1 
37 0 1 1 0 0 1 1 0 0 1 
28 0 0 1 0 0 1 1 0 0 1 
30 0 1 0 0 0 1 1 0 0 1 
29 1 0 0 0 0 1 1 0 0 1 
21 0 0 0 0 0 1 1 0 0 1 
19 0 0 0 0 1 0 1 0 0 1 
36 0 1 1 1 0 0 1 0 0 1 
27 0 0 1 1 0 0 1 0 0 1 
29 0 1 0 1 0 0 1 0 0 1 
28 1 0 0 1 0 0 1 0 0 1 
20 0 0 0 1 0 0 1 0 0 1 
30 0 1 1 0 0 0 1 0 0 1 
21 0 0 1 0 0 0 1 0 0 1 
23 0 1 0 0 0 0 1 0 0 1 
22 1 0 0 0 0 0 1 0 0 1 
14 0 0 0 0 0 0 1 0 0 1 
31 0 0 1 1 1 1 0 0 0 1 
33 0 1 0 1 1 1 0 0 0 1 
32 1 0 0 1 1 1 0 0 0 1 
24 0 0 0 1 1 1 0 0 0 1 
34 0 1 1 0 1 1 0 0 0 1 
25 0 0 1 0 1 1 0 0 0 1 
27 0 1 0 0 1 1 0 0 0 1 
26 1 0 0 0 1 1 0 0 0 1 
18 0 0 0 0 1 1 0 0 0 1 
43 1 1 1 1 0 1 0 0 0 1 
35 0 1 1 1 0 1 0 0 0 1 
34 1 0 1 1 0 1 0 0 0 1 
26 0 0 1 1 0 1 0 0 0 1 
36 1 1 0 1 0 1 0 0 0 1 
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28 0 1 0 1 0 1 0 0 0 1 
27 1 0 0 1 0 1 0 0 0 1 
19 0 0 0 1 0 1 0 0 0 1 
37 1 1 1 0 0 1 0 0 0 1 
29 0 1 1 0 0 1 0 0 0 1 
28 1 0 1 0 0 1 0 0 0 1 
20 0 0 1 0 0 1 0 0 0 1 
30 1 1 0 0 0 1 0 0 0 1 
22 0 1 0 0 0 1 0 0 0 1 
21 1 0 0 0 0 1 0 0 0 1 
13 0 0 0 0 0 1 0 0 0 1 
24 0 0 1 1 1 0 0 0 0 1 
26 0 1 0 1 1 0 0 0 0 1 
25 1 0 0 1 1 0 0 0 0 1 
17 0 0 0 1 1 0 0 0 0 1 
27 0 1 1 0 1 0 0 0 0 1 
18 0 0 1 0 1 0 0 0 0 1 
20 0 1 0 0 1 0 0 0 0 1 
19 1 0 0 0 1 0 0 0 0 1 
11 0 0 0 0 1 0 0 0 0 1 
36 1 1 1 1 0 0 0 0 0 1 
28 0 1 1 1 0 0 0 0 0 1 
27 1 0 1 1 0 0 0 0 0 1 
19 0 0 1 1 0 0 0 0 0 1 
29 1 1 0 1 0 0 0 0 0 1 
21 0 1 0 1 0 0 0 0 0 1 
20 1 0 0 1 0 0 0 0 0 1 
12 0 0 0 1 0 0 0 0 0 1 
30 1 1 1 0 0 0 0 0 0 1 
22 0 1 1 0 0 0 0 0 0 1 
21 1 0 1 0 0 0 0 0 0 1 
13 0 0 1 0 0 0 0 0 0 1 
23 1 1 0 0 0 0 0 0 0 1 
15 0 1 0 0 0 0 0 0 0 1 
14 1 0 0 0 0 0 0 0 0 1 
6 0 0 0 0 0 0 0 0 0 1 
35 0 0 0 1 1 1 1 1 1 0 
29 0 0 0 0 1 1 1 1 1 0 
37 0 0 1 1 0 1 1 1 1 0 
39 0 1 0 1 0 1 1 1 1 0 
38 1 0 0 1 0 1 1 1 1 0 
30 0 0 0 1 0 1 1 1 1 0 
31 0 0 1 0 0 1 1 1 1 0 
33 0 1 0 0 0 1 1 1 1 0 
32 1 0 0 0 0 1 1 1 1 0 
24 0 0 0 0 0 1 1 1 1 0 
35 0 0 1 1 1 0 1 1 1 0 
37 0 1 0 1 1 0 1 1 1 0 
28 0 0 0 1 1 0 1 1 1 0 
29 0 0 1 0 1 0 1 1 1 0 
31 0 1 0 0 1 0 1 1 1 0 
22 0 0 0 0 1 0 1 1 1 0 
30 0 0 1 1 0 0 1 1 1 0 
32 0 1 0 1 0 0 1 1 1 0 
31 1 0 0 1 0 0 1 1 1 0 
23 0 0 0 1 0 0 1 1 1 0 
24 0 0 1 0 0 0 1 1 1 0 
26 0 1 0 0 0 0 1 1 1 0 
25 1 0 0 0 0 0 1 1 1 0 
17 0 0 0 0 0 0 1 1 1 0 
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43 0 1 1 1 1 1 0 1 1 0 
42 1 0 1 1 1 1 0 1 1 0 
34 0 0 1 1 1 1 0 1 1 0 
44 1 1 0 1 1 1 0 1 1 0 
36 0 1 0 1 1 1 0 1 1 0 
35 1 0 0 1 1 1 0 1 1 0 
27 0 0 0 1 1 1 0 1 1 0 
37 0 1 1 0 1 1 0 1 1 0 
36 1 0 1 0 1 1 0 1 1 0 
28 0 0 1 0 1 1 0 1 1 0 
38 1 1 0 0 1 1 0 1 1 0 
30 0 1 0 0 1 1 0 1 1 0 
29 1 0 0 0 1 1 0 1 1 0 
21 0 0 0 0 1 1 0 1 1 0 
46 1 1 1 1 0 1 0 1 1 0 
38 0 1 1 1 0 1 0 1 1 0 
37 1 0 1 1 0 1 0 1 1 0 
29 0 0 1 1 0 1 0 1 1 0 
39 1 1 0 1 0 1 0 1 1 0 
31 0 1 0 1 0 1 0 1 1 0 
30 1 0 0 1 0 1 0 1 1 0 
22 0 0 0 1 0 1 0 1 1 0 
40 1 1 1 0 0 1 0 1 1 0 
32 0 1 1 0 0 1 0 1 1 0 
31 1 0 1 0 0 1 0 1 1 0 
23 0 0 1 0 0 1 0 1 1 0 
33 1 1 0 0 0 1 0 1 1 0 
25 0 1 0 0 0 1 0 1 1 0 
24 1 0 0 0 0 1 0 1 1 0 
16 0 0 0 0 0 1 0 1 1 0 
36 0 1 1 1 1 0 0 1 1 0 
35 1 0 1 1 1 0 0 1 1 0 
27 0 0 1 1 1 0 0 1 1 0 
37 1 1 0 1 1 0 0 1 1 0 
29 0 1 0 1 1 0 0 1 1 0 
28 1 0 0 1 1 0 0 1 1 0 
20 0 0 0 1 1 0 0 1 1 0 
30 0 1 1 0 1 0 0 1 1 0 
29 1 0 1 0 1 0 0 1 1 0 
21 0 0 1 0 1 0 0 1 1 0 
31 1 1 0 0 1 0 0 1 1 0 
23 0 1 0 0 1 0 0 1 1 0 
22 1 0 0 0 1 0 0 1 1 0 
14 0 0 0 0 1 0 0 1 1 0 
39 1 1 1 1 0 0 0 1 1 0 
31 0 1 1 1 0 0 0 1 1 0 
30 1 0 1 1 0 0 0 1 1 0 
22 0 0 1 1 0 0 0 1 1 0 
32 1 1 0 1 0 0 0 1 1 0 
24 0 1 0 1 0 0 0 1 1 0 
23 1 0 0 1 0 0 0 1 1 0 
15 0 0 0 1 0 0 0 1 1 0 
33 1 1 1 0 0 0 0 1 1 0 
25 0 1 1 0 0 0 0 1 1 0 
24 1 0 1 0 0 0 0 1 1 0 
16 0 0 1 0 0 0 0 1 1 0 
26 1 1 0 0 0 0 0 1 1 0 
18 0 1 0 0 0 0 0 1 1 0 
17 1 0 0 0 0 0 0 1 1 0 
9 0 0 0 0 0 0 0 1 1 0 
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31 0 0 0 1 1 1 1 0 1 0 
32 0 0 1 0 1 1 1 0 1 0 
34 0 1 0 0 1 1 1 0 1 0 
25 0 0 0 0 1 1 1 0 1 0 
33 0 0 1 1 0 1 1 0 1 0 
35 0 1 0 1 0 1 1 0 1 0 
34 1 0 0 1 0 1 1 0 1 0 
26 0 0 0 1 0 1 1 0 1 0 
36 0 1 1 0 0 1 1 0 1 0 
27 0 0 1 0 0 1 1 0 1 0 
29 0 1 0 0 0 1 1 0 1 0 
28 1 0 0 0 0 1 1 0 1 0 
20 0 0 0 0 0 1 1 0 1 0 
31 0 0 1 1 1 0 1 0 1 0 
33 0 1 0 1 1 0 1 0 1 0 
24 0 0 0 1 1 0 1 0 1 0 
34 0 1 1 0 1 0 1 0 1 0 
25 0 0 1 0 1 0 1 0 1 0 
27 0 1 0 0 1 0 1 0 1 0 
18 0 0 0 0 1 0 1 0 1 0 
26 0 0 1 1 0 0 1 0 1 0 
28 0 1 0 1 0 0 1 0 1 0 
27 1 0 0 1 0 0 1 0 1 0 
19 0 0 0 1 0 0 1 0 1 0 
29 0 1 1 0 0 0 1 0 1 0 
20 0 0 1 0 0 0 1 0 1 0 
22 0 1 0 0 0 0 1 0 1 0 
21 1 0 0 0 0 0 1 0 1 0 
13 0 0 0 0 0 0 1 0 1 0 
39 0 1 1 1 1 1 0 0 1 0 
38 1 0 1 1 1 1 0 0 1 0 
30 0 0 1 1 1 1 0 0 1 0 
40 1 1 0 1 1 1 0 0 1 0 
32 0 1 0 1 1 1 0 0 1 0 
31 1 0 0 1 1 1 0 0 1 0 
23 0 0 0 1 1 1 0 0 1 0 
33 0 1 1 0 1 1 0 0 1 0 
32 1 0 1 0 1 1 0 0 1 0 
24 0 0 1 0 1 1 0 0 1 0 
34 1 1 0 0 1 1 0 0 1 0 
26 0 1 0 0 1 1 0 0 1 0 
25 1 0 0 0 1 1 0 0 1 0 
17 0 0 0 0 1 1 0 0 1 0 
42 1 1 1 1 0 1 0 0 1 0 
34 0 1 1 1 0 1 0 0 1 0 
33 1 0 1 1 0 1 0 0 1 0 
25 0 0 1 1 0 1 0 0 1 0 
35 1 1 0 1 0 1 0 0 1 0 
27 0 1 0 1 0 1 0 0 1 0 
26 1 0 0 1 0 1 0 0 1 0 
18 0 0 0 1 0 1 0 0 1 0 
36 1 1 1 0 0 1 0 0 1 0 
28 0 1 1 0 0 1 0 0 1 0 
27 1 0 1 0 0 1 0 0 1 0 
19 0 0 1 0 0 1 0 0 1 0 
29 1 1 0 0 0 1 0 0 1 0 
21 0 1 0 0 0 1 0 0 1 0 
20 1 0 0 0 0 1 0 0 1 0 
12 0 0 0 0 0 1 0 0 1 0 
32 0 1 1 1 1 0 0 0 1 0 
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31 1 0 1 1 1 0 0 0 1 0 
23 0 0 1 1 1 0 0 0 1 0 
33 1 1 0 1 1 0 0 0 1 0 
25 0 1 0 1 1 0 0 0 1 0 
24 1 0 0 1 1 0 0 0 1 0 
16 0 0 0 1 1 0 0 0 1 0 
26 0 1 1 0 1 0 0 0 1 0 
25 1 0 1 0 1 0 0 0 1 0 
17 0 0 1 0 1 0 0 0 1 0 
27 1 1 0 0 1 0 0 0 1 0 
19 0 1 0 0 1 0 0 0 1 0 
18 1 0 0 0 1 0 0 0 1 0 
10 0 0 0 0 1 0 0 0 1 0 
35 1 1 1 1 0 0 0 0 1 0 
27 0 1 1 1 0 0 0 0 1 0 
26 1 0 1 1 0 0 0 0 1 0 
18 0 0 1 1 0 0 0 0 1 0 
28 1 1 0 1 0 0 0 0 1 0 
20 0 1 0 1 0 0 0 0 1 0 
19 1 0 0 1 0 0 0 0 1 0 
11 0 0 0 1 0 0 0 0 1 0 
29 1 1 1 0 0 0 0 0 1 0 
21 0 1 1 0 0 0 0 0 1 0 
20 1 0 1 0 0 0 0 0 1 0 
12 0 0 1 0 0 0 0 0 1 0 
22 1 1 0 0 0 0 0 0 1 0 
14 0 1 0 0 0 0 0 0 1 0 
13 1 0 0 0 0 0 0 0 1 0 
5 0 0 0 0 0 0 0 0 1 0 
30 0 0 0 1 1 1 1 1 0 0 
24 0 0 0 0 1 1 1 1 0 0 
32 0 0 1 1 0 1 1 1 0 0 
34 0 1 0 1 0 1 1 1 0 0 
33 1 0 0 1 0 1 1 1 0 0 
25 0 0 0 1 0 1 1 1 0 0 
26 0 0 1 0 0 1 1 1 0 0 
28 0 1 0 0 0 1 1 1 0 0 
27 1 0 0 0 0 1 1 1 0 0 
19 0 0 0 0 0 1 1 1 0 0 
30 0 0 1 1 1 0 1 1 0 0 
32 0 1 0 1 1 0 1 1 0 0 
23 0 0 0 1 1 0 1 1 0 0 
24 0 0 1 0 1 0 1 1 0 0 
26 0 1 0 0 1 0 1 1 0 0 
17 0 0 0 0 1 0 1 1 0 0 
25 0 0 1 1 0 0 1 1 0 0 
27 0 1 0 1 0 0 1 1 0 0 
26 1 0 0 1 0 0 1 1 0 0 
18 0 0 0 1 0 0 1 1 0 0 
19 0 0 1 0 0 0 1 1 0 0 
21 0 1 0 0 0 0 1 1 0 0 
20 1 0 0 0 0 0 1 1 0 0 
12 0 0 0 0 0 0 1 1 0 0 
38 0 1 1 1 1 1 0 1 0 0 
37 1 0 1 1 1 1 0 1 0 0 
29 0 0 1 1 1 1 0 1 0 0 
39 1 1 0 1 1 1 0 1 0 0 
31 0 1 0 1 1 1 0 1 0 0 
30 1 0 0 1 1 1 0 1 0 0 
22 0 0 0 1 1 1 0 1 0 0 
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32 0 1 1 0 1 1 0 1 0 0 
31 1 0 1 0 1 1 0 1 0 0 
23 0 0 1 0 1 1 0 1 0 0 
33 1 1 0 0 1 1 0 1 0 0 
25 0 1 0 0 1 1 0 1 0 0 
24 1 0 0 0 1 1 0 1 0 0 
16 0 0 0 0 1 1 0 1 0 0 
41 1 1 1 1 0 1 0 1 0 0 
33 0 1 1 1 0 1 0 1 0 0 
32 1 0 1 1 0 1 0 1 0 0 
24 0 0 1 1 0 1 0 1 0 0 
34 1 1 0 1 0 1 0 1 0 0 
26 0 1 0 1 0 1 0 1 0 0 
25 1 0 0 1 0 1 0 1 0 0 
17 0 0 0 1 0 1 0 1 0 0 
35 1 1 1 0 0 1 0 1 0 0 
27 0 1 1 0 0 1 0 1 0 0 
26 1 0 1 0 0 1 0 1 0 0 
18 0 0 1 0 0 1 0 1 0 0 
28 1 1 0 0 0 1 0 1 0 0 
20 0 1 0 0 0 1 0 1 0 0 
19 1 0 0 0 0 1 0 1 0 0 
11 0 0 0 0 0 1 0 1 0 0 
31 0 1 1 1 1 0 0 1 0 0 
30 1 0 1 1 1 0 0 1 0 0 
22 0 0 1 1 1 0 0 1 0 0 
32 1 1 0 1 1 0 0 1 0 0 
24 0 1 0 1 1 0 0 1 0 0 
23 1 0 0 1 1 0 0 1 0 0 
15 0 0 0 1 1 0 0 1 0 0 
25 0 1 1 0 1 0 0 1 0 0 
24 1 0 1 0 1 0 0 1 0 0 
16 0 0 1 0 1 0 0 1 0 0 
26 1 1 0 0 1 0 0 1 0 0 
18 0 1 0 0 1 0 0 1 0 0 
17 1 0 0 0 1 0 0 1 0 0 
9 0 0 0 0 1 0 0 1 0 0 
34 1 1 1 1 0 0 0 1 0 0 
26 0 1 1 1 0 0 0 1 0 0 
25 1 0 1 1 0 0 0 1 0 0 
17 0 0 1 1 0 0 0 1 0 0 
27 1 1 0 1 0 0 0 1 0 0 
19 0 1 0 1 0 0 0 1 0 0 
18 1 0 0 1 0 0 0 1 0 0 
10 0 0 0 1 0 0 0 1 0 0 
28 1 1 1 0 0 0 0 1 0 0 
20 0 1 1 0 0 0 0 1 0 0 
19 1 0 1 0 0 0 0 1 0 0 
11 0 0 1 0 0 0 0 1 0 0 
21 1 1 0 0 0 0 0 1 0 0 
13 0 1 0 0 0 0 0 1 0 0 
12 1 0 0 0 0 0 0 1 0 0 
4 0 0 0 0 0 0 0 1 0 0 
26 0 0 0 1 1 1 1 0 0 0 
27 0 0 1 0 1 1 1 0 0 0 
29 0 1 0 0 1 1 1 0 0 0 
20 0 0 0 0 1 1 1 0 0 0 
45 1 1 1 1 0 1 1 0 0 0 
37 0 1 1 1 0 1 1 0 0 0 
36 1 0 1 1 0 1 1 0 0 0 
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28 0 0 1 1 0 1 1 0 0 0 
38 1 1 0 1 0 1 1 0 0 0 
30 0 1 0 1 0 1 1 0 0 0 
29 1 0 0 1 0 1 1 0 0 0 
21 0 0 0 1 0 1 1 0 0 0 
39 1 1 1 0 0 1 1 0 0 0 
31 0 1 1 0 0 1 1 0 0 0 
30 1 0 1 0 0 1 1 0 0 0 
22 0 0 1 0 0 1 1 0 0 0 
32 1 1 0 0 0 1 1 0 0 0 
24 0 1 0 0 0 1 1 0 0 0 
23 1 0 0 0 0 1 1 0 0 0 
15 0 0 0 0 0 1 1 0 0 0 
26 0 0 1 1 1 0 1 0 0 0 
28 0 1 0 1 1 0 1 0 0 0 
19 0 0 0 1 1 0 1 0 0 0 
29 0 1 1 0 1 0 1 0 0 0 
20 0 0 1 0 1 0 1 0 0 0 
22 0 1 0 0 1 0 1 0 0 0 
13 0 0 0 0 1 0 1 0 0 0 
38 1 1 1 1 0 0 1 0 0 0 
30 0 1 1 1 0 0 1 0 0 0 
29 1 0 1 1 0 0 1 0 0 0 
21 0 0 1 1 0 0 1 0 0 0 
31 1 1 0 1 0 0 1 0 0 0 
23 0 1 0 1 0 0 1 0 0 0 
22 1 0 0 1 0 0 1 0 0 0 
14 0 0 0 1 0 0 1 0 0 0 
32 1 1 1 0 0 0 1 0 0 0 
24 0 1 1 0 0 0 1 0 0 0 
23 1 0 1 0 0 0 1 0 0 0 
15 0 0 1 0 0 0 1 0 0 0 
25 1 1 0 0 0 0 1 0 0 0 
17 0 1 0 0 0 0 1 0 0 0 
16 1 0 0 0 0 0 1 0 0 0 
8 0 0 0 0 0 0 1 0 0 0 
34 0 1 1 1 1 1 0 0 0 0 
33 1 0 1 1 1 1 0 0 0 0 
25 0 0 1 1 1 1 0 0 0 0 
35 1 1 0 1 1 1 0 0 0 0 
27 0 1 0 1 1 1 0 0 0 0 
26 1 0 0 1 1 1 0 0 0 0 
18 0 0 0 1 1 1 0 0 0 0 
28 0 1 1 0 1 1 0 0 0 0 
27 1 0 1 0 1 1 0 0 0 0 
19 0 0 1 0 1 1 0 0 0 0 
29 1 1 0 0 1 1 0 0 0 0 
21 0 1 0 0 1 1 0 0 0 0 
20 1 0 0 0 1 1 0 0 0 0 
12 0 0 0 0 1 1 0 0 0 0 
37 1 1 1 1 0 1 0 0 0 0 
29 0 1 1 1 0 1 0 0 0 0 
28 1 0 1 1 0 1 0 0 0 0 
20 0 0 1 1 0 1 0 0 0 0 
30 1 1 0 1 0 1 0 0 0 0 
22 0 1 0 1 0 1 0 0 0 0 
21 1 0 0 1 0 1 0 0 0 0 
13 0 0 0 1 0 1 0 0 0 0 
31 1 1 1 0 0 1 0 0 0 0 
23 0 1 1 0 0 1 0 0 0 0 
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22 1 0 1 0 0 1 0 0 0 0 
14 0 0 1 0 0 1 0 0 0 0 
24 1 1 0 0 0 1 0 0 0 0 
16 0 1 0 0 0 1 0 0 0 0 
15 1 0 0 0 0 1 0 0 0 0 
7 0 0 0 0 0 1 0 0 0 0 
27 0 1 1 1 1 0 0 0 0 0 
26 1 0 1 1 1 0 0 0 0 0 
18 0 0 1 1 1 0 0 0 0 0 
28 1 1 0 1 1 0 0 0 0 0 
20 0 1 0 1 1 0 0 0 0 0 
19 1 0 0 1 1 0 0 0 0 0 
11 0 0 0 1 1 0 0 0 0 0 
21 0 1 1 0 1 0 0 0 0 0 
20 1 0 1 0 1 0 0 0 0 0 
12 0 0 1 0 1 0 0 0 0 0 
22 1 1 0 0 1 0 0 0 0 0 
14 0 1 0 0 1 0 0 0 0 0 
13 1 0 0 0 1 0 0 0 0 0 
5 0 0 0 0 1 0 0 0 0 0 
30 1 1 1 1 0 0 0 0 0 0 
22 0 1 1 1 0 0 0 0 0 0 
21 1 0 1 1 0 0 0 0 0 0 
13 0 0 1 1 0 0 0 0 0 0 
23 1 1 0 1 0 0 0 0 0 0 
15 0 1 0 1 0 0 0 0 0 0 
14 1 0 0 1 0 0 0 0 0 0 
6 0 0 0 1 0 0 0 0 0 0 
24 1 1 1 0 0 0 0 0 0 0 
16 0 1 1 0 0 0 0 0 0 0 
15 1 0 1 0 0 0 0 0 0 0 
7 0 0 1 0 0 0 0 0 0 0 
17 1 1 0 0 0 0 0 0 0 0 
9 0 1 0 0 0 0 0 0 0 0 
8 1 0 0 0 0 0 0 0 0 0 
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Appendix C 
Video recording and time study data 
Video record and Time study data are available on request due to the case 
organizational confidentiality issues 
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Appendix D 
C# code for leanness performance assessment 
Code 2: C# code for measuring Leanness Performance 
Input Processor: 
using System; 
using System.Collections.Generic; 
using System.Data; 
using System.Data.Odbc; 
using System.Data.OleDb; 
using System.Linq; 
using System.Text; 
using System.Xml; 
 
namespace AlAmin 
{ 
    public class InputProcessor 
    { 
        private static string connectionString = @"Driver={Microsoft Excel 
Driver (*.xls)};Dbq=FILENAME;ReadOnly=0;Dsn=Excel Files;"; 
 
        public static List<PerformanceMetric> GetPerformanceMetric(string 
fileName) 
        { 
            string conString = connectionString.Replace("FILENAME", fileName); 
            System.Data.Odbc.OdbcConnection excelConnection = new 
OdbcConnection(conString); 
             
            System.Data.Odbc.OdbcDataAdapter command = new 
OdbcDataAdapter("select * from [Sheet1$]",excelConnection); 
 
            command.TableMappings.Add("Table", "RawData"); 
            DataSet dataSet = new DataSet(); 
            command.Fill(dataSet); 
            excelConnection.Close(); 
 
            var table = dataSet.Tables[0]; 
            List<PerformanceMetric> performanceMetrics = new 
List<PerformanceMetric>(); 
            foreach (DataRow row in table.Rows) 
            { 
                var performanceMetric = new PerformanceMetric(); 
                for(int i=0; i< table.Columns.Count; i++) 
                { 
                    if(i==0) 
                    { 
                        performanceMetric.MeasureType = row[i] as string; 
                    } 
                    else if(i==1) 
                    { 
                        performanceMetric.Serial = Convert.ToInt32(row[i]); 
                    } 
                    else if(i==2) 
                    { 
                        performanceMetric.Name = row[i] as string; 
                    } 
                    else if(i== table.Columns.Count -1) 
                    { 
                        performanceMetric.Behaviour=  row[i] as string; 
                    } 
                    else 
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                    { 
                       int serial = performanceMetric.Lots.Count + 1; 
                       performanceMetric.Lots.Add(Convert.ToInt32(row[i])); 
                    } 
                } 
 
                performanceMetrics.Add(performanceMetric); 
            } 
            return performanceMetrics; 
        } 
     
        public static List<SampleCase> GetSampleCases(List<PerformanceMetric> 
performanceMetrics) 
        { 
            var sampleCase = new SampleCase(); 
            sampleCase.Id = "Case1"; 
            sampleCase.Inputs.Add(new CaseData { Input = 55, MeasureType = 
"Financial", Name = "Cost per part (Cent)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 20, MeasureType = 
"Financial", Name = "Total Inventory Cost (cent/unit per month)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 40, MeasureType = 
"Financial", Name = "Transportation Cost (cent/unit per month)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 150.00, MeasureType = 
"Productivity", Name = "Manufacturing Lead Time (Min)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 36.00, MeasureType = 
"Productivity", Name = "Setup Time/Changeover Time (min)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 6.00, MeasureType = 
"Productivity", Name = "Labour Productivity (%)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 60.00, MeasureType = 
"Productivity", Name = "Overall Equipment Efficiency (OEE) (%)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 20.00, MeasureType = 
"Quality", Name = "Reject Rate (%)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 18.00, MeasureType = 
"Quality", Name = "Rework Rate (%)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 50.00, MeasureType = 
"Quality", Name = "Customer Satisfaction (%)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 65, MeasureType = 
"Flexibility", Name = "Level of Technology usage (%)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 60, MeasureType = 
"Flexibility", Name = "Supplier Responsiveness (%)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 60, MeasureType = 
"Flexibility", Name = "On-time Delivery (%)" }); 
            sampleCase.Inputs.Add(new CaseData { Input = 9, MeasureType = 
"Safety", Name = "Number of work-related injuries (per month)" }); 
 
            var sampleCases = new List<SampleCase>(); 
            sampleCases.Add(sampleCase); 
            return sampleCases; 
        } 
 
        public static List<PerformanceMetric> GetPerformanceMetric(XmlDocument 
document) 
        { 
            List<PerformanceMetric> performanceMetrics = new 
List<PerformanceMetric>(); 
 
            var rootNode = document.SelectSingleNode("Performance"); 
            var performanceMetricsNode =   
rootNode.SelectSingleNode("PerformanceMetrics"); 
            var performanceMetricNodes = performanceMetricsNode.ChildNodes; 
 
            for (int i=0;i<performanceMetricNodes.Count; i++ ) 
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            { 
                var performanceMetric = new PerformanceMetric(); 
                var performanceMetricNode = performanceMetricNodes[i]; 
                performanceMetric.MeasureType = 
GetNodeValue(performanceMetricNode,"Measure"); 
                performanceMetric.Serial = 
Int32.Parse(GetNodeValue(performanceMetricNode, "Sl")); 
                performanceMetric.Name = GetNodeValue(performanceMetricNode, 
"Performance_Metric"); 
                performanceMetric.Behaviour = 
GetNodeValue(performanceMetricNode, "Behaviour"); 
                 
                var lotNodes =   
performanceMetricNode.SelectSingleNode("Lots"); 
                for (int j = 0; j < lotNodes.ChildNodes.Count; j++) 
                { 
                    
performanceMetric.Lots.Add(double.Parse(lotNodes.ChildNodes[j].InnerText)); 
                      // lotNodes[j].Attributes["Serial"] 
                } 
 
                performanceMetrics.Add(performanceMetric); 
            } 
            return performanceMetrics; 
        } 
 
        public static List<SampleCase> GetSampleCases(XmlDocument document) 
        { 
            var rootNode = document.SelectSingleNode("Performance"); 
            var casesNode = rootNode.SelectSingleNode("Cases"); 
            var caseNodes = casesNode.ChildNodes; 
 
            var sampleCases = new List<SampleCase>(); 
            for (int i = 0; i < caseNodes.Count; i++) 
            { 
                var sampleCase = new SampleCase(); 
                sampleCase.Id = caseNodes[i].Attributes["Id"].Value; 
                var caseDataNodes = caseNodes[i].ChildNodes; 
                for (int j = 0; j < caseDataNodes.Count; j++) 
                { 
                    var caseData = new CaseData(); 
                    caseData.Input = 
double.Parse(GetNodeValue(caseDataNodes[j], "Input")); 
                    caseData.MeasureType = GetNodeValue(caseDataNodes[j], 
"MeasureType"); 
                    caseData.Name = GetNodeValue(caseDataNodes[j], "Name"); 
                    sampleCase.Inputs.Add(caseData); 
                } 
 
                sampleCases.Add(sampleCase); 
            } 
 
            return sampleCases; 
        } 
         
        public static void ExecuteCommand(string fileName, string query) 
        { 
            string conString = connectionString.Replace("FILENAME", fileName); 
            System.Data.Odbc.OdbcConnection excelConnection = new 
OdbcConnection(conString); 
            System.Data.Odbc.OdbcCommand command = new OdbcCommand(query, 
excelConnection); 
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            excelConnection.Open(); 
 
            try 
            { 
               command.ExecuteNonQuery(); 
               excelConnection.Close(); 
            } 
            catch(Exception ex) 
            { 
                 
            } 
        } 
     
        private static string GetNodeValue(XmlNode node, string  nodeName) 
        { 
            XmlNode childNode = node.SelectSingleNode(nodeName); 
            return childNode.InnerText; 
        } 
    } 
} 
 
 
Performances 
 
using System; 
using System.Collections.Generic; 
using System.Linq; 
using System.Text; 
 
namespace AlAmin 
{ 
    public class Performance 
    { 
        public string MeasureType { get; set; } 
 
        public double PerformanceValue { get; set; } 
 
        public string MeasureName { get; set; } 
 
        public string Range { get; set; } 
    } 
} 
 
Performance Calculator 
 
using System; 
using System.Collections.Generic; 
using System.Linq; 
using System.Text; 
 
namespace AlAmin 
{ 
    public class PerformanceCalculator 
    { 
        public static void CalculatePerformanceValue(List<PerformanceMetric> 
performanceMetrics, SampleCase sampleCase) 
        { 
            var performances = new List<Performance>(); 
 
            foreach (var performanceMetric in performanceMetrics) 
            { 
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                var input = 
                    sampleCase.Inputs.Where( 
                        i => i.Name.Equals(performanceMetric.Name, 
StringComparison.InvariantCultureIgnoreCase) && 
i.MeasureType.Equals(performanceMetric.MeasureType, 
StringComparison.InvariantCultureIgnoreCase)). 
                        FirstOrDefault().Input; 
 
                var performance = new Performance(); 
                performance.MeasureName = performanceMetric.Name; 
                performance.MeasureType = performanceMetric.MeasureType; 
                performance.Range = performanceMetric.Range; 
                if(input >= performanceMetric.A && input <= 
performanceMetric.C) 
                { 
                    if(performanceMetric.Behaviour.Equals("Negative", 
StringComparison.InvariantCultureIgnoreCase)) 
                    { 
                        performance.PerformanceValue = 
                            Math.Round((performanceMetric.C - input) / 
(performanceMetric.C - performanceMetric.A), 2); 
                    } 
                    else 
                    { 
                        performance.PerformanceValue = 
                           Math.Round((input - performanceMetric.A) / 
(performanceMetric.C - performanceMetric.A), 2); 
                    } 
                } 
                else 
                { 
                    performance.PerformanceValue = 0; 
                } 
                performances.Add(performance); 
            } 
            sampleCase.Performances.AddRange(performances); 
            var measureTypes =  performanceMetrics.Select(p => 
p.MeasureType).Distinct(); 
            foreach (var measureType in measureTypes) 
            { 
                var average = 
                    performances.Where(p => p.MeasureType== 
measureType).Select(p => p.PerformanceValue).Average(); 
                var averagePerformance = new Performance {MeasureType = 
measureType, PerformanceValue = average}; 
                sampleCase.AveragePerformances.Add(averagePerformance); 
            } 
        } 
    } 
} 
 
Performance Metric 
 
namespace AlAmin 
{ 
    using System; 
    using System.Collections.Generic; 
    using System.Linq; 
    using System.Text; 
 
    public class PerformanceMetric 
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    { 
        public PerformanceMetric() 
        { 
            Lots = new List<double>(); 
        } 
 
        public string Name { get; set; } 
 
        public int Serial { get; set; } 
 
        public string MeasureType { get; set; } 
 
        public List<double > Lots { get; set; } 
 
        public double A { get; set; } 
 
        public double B { get; set; } 
 
        public double C { get; set; } 
 
        public string Behaviour { get; set; } 
 
        public string Range { get; set; } 
    } 
} 
 
Sample Case 
using System; 
using System.Collections.Generic; 
 
namespace AlAmin 
{ 
    public class SampleCase 
    { 
        public SampleCase() 
        { 
            Performances = new List<Performance>(); 
            AveragePerformances = new List<Performance>(); 
            Inputs = new List<CaseData>();  
        } 
 
        public string Id { get; set; } 
 
        public List<CaseData> Inputs { get; set; } 
 
        public List<Performance> Performances { get; set; } 
 
        public List<Performance> AveragePerformances { get; set; } 
    } 
} 
 
XmlHelper 
using System; 
using System.Collections.Generic; 
using System.Linq; 
using System.Text; 
using System.Xml; 
 
namespace AlAmin 
{ 
    public class XmlHelper 
    { 
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        public static void GenerateXml(List<PerformanceMetric> 
performanceMetrics, List<SampleCase> sampleCases, string fileName) 
        { 
            XmlDocument document = new XmlDocument(); 
            using (XmlWriter writer = XmlWriter.Create(fileName)) 
            { 
                writer.WriteStartDocument(); 
                writer.WriteStartElement("Performance"); 
                 
                var serial = 0; 
                writer.WriteStartElement("PerformanceMetrics"); 
                foreach (var performanceMetric in performanceMetrics) 
                { 
                    serial++; 
                    writer.WriteStartElement("performanceMetric"); 
                    writer.WriteElementString("Measure", 
performanceMetric.MeasureType); 
                    writer.WriteElementString("Sl", serial.ToString()); 
                    writer.WriteElementString("Performance_Metric", 
performanceMetric.Name); 
                         
                    writer.WriteStartElement("Lots"); 
                         
                    for (int i = 1; i <= performanceMetric.Lots.Count;i++ ) 
                    { 
                        writer.WriteStartElement("Lot"); 
                        writer.WriteAttributeString("Serial",i.ToString());    
                        writer.WriteString(performanceMetric.Lots[i-
1].ToString()); 
                        writer.WriteEndElement();  
                    } 
                     
                    writer.WriteEndElement(); 
                    writer.WriteElementString("Behaviour", 
performanceMetric.Behaviour); 
                    writer.WriteEndElement(); 
                } 
                writer.WriteEndElement(); 
 
                writer.WriteStartElement("Cases"); 
                foreach (var sampleCase in sampleCases) 
                { 
                    writer.WriteStartElement("Case"); 
                    writer.WriteAttributeString("Id", sampleCase.Id); 
                    foreach (var caseData in sampleCase.Inputs) 
                    { 
                        writer.WriteStartElement("CaseData"); 
                        writer.WriteElementString("Name", caseData.Name); 
                        writer.WriteElementString("MeasureType", 
caseData.MeasureType); 
                        writer.WriteElementString("Input", 
caseData.Input.ToString()); 
                        writer.WriteEndElement(); 
                    } 
 
                    writer.WriteEndElement(); 
                } 
                writer.WriteEndElement(); 
                 
                writer.WriteEndElement(); 
                writer.WriteEndDocument(); 
            } 
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        } 
    } 
} 
 
ExcelQueryProvider 
using System; 
using System.Collections.Generic; 
using System.IO; 
using System.Linq; 
using System.Text; 
 
namespace AlAmin 
{ 
    public class ExcelQueryProvider 
    { 
        public static  string GetInsertQuery(PerformanceMetric 
performanceMetric, int serial) 
        { 
            string columns = "('Measures,'Sl,'Performance_Metrics"; 
            string values = string.Format("Values 
('{0}''{1},'{2}'",performanceMetric.MeasureType, serial, 
performanceMetric.Name); 
            for(int i = 1; i <= performanceMetric.Lots.Count; i++) 
            { 
                columns += string.Format(",'Lot{0}", i); 
                values = string.Format("{0},'{1}'", values, 
performanceMetric.Lots[i - 1]); 
            } 
 
             
            columns = string.Format("{0},'Behaviour)", columns); 
            values = string.Format("{0},{1})", values, 
performanceMetric.Behaviour); 
 
            string insertQuery = string.Format("INSERT INTO PerformanceMetric 
{0} {1}", columns, values); 
            return insertQuery; 
        } 
 
        public static List<string> GetInsertQuery(SampleCase sampleCase) 
        { 
            List<string> insertQueries = new List<string>(); 
            string columns = "(Case,Name,MeasureType,Input)"; 
            foreach (var caseData in sampleCase.Inputs) 
            { 
                string values = 
string.Format("Values('{0}',{1},'{2}',{3})",sampleCase.Id, caseData.Name, 
caseData.MeasureType, caseData.Input); 
                string insertQuery = string.Format("Insert into tableName {0} 
{1}", columns, values); 
                insertQueries.Add(insertQuery);             
            } 
             
            return insertQueries; 
        } 
 
        public static string  GetCreateTableQuery(PerformanceMetric 
performanceMetric) 
        { 
            string query = "CREATE TABLE PerformanceMetric (Measures 
char(255), Sl int, Performance_Metrics char(255)"; 
            for (int i = 1; i <= performanceMetric.Lots.Count; i++) 
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            { 
                query = string.Format("{0}, Lot{1} int", query, i); 
            } 
            query = string.Format("{0}, Behaviour char(255))", query); 
            return query; 
        } 
 
         
    } 
} 
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Appendix E 
MTM decision Model 
This research utilized seven different basic motions to describe any manual 
operation or method by MTM analysis tool. Each motion requires a predetermined 
time standard which is determined by the nature of the motion and the conditions 
under which it is made. The seven basic MTM motions are used for the MTM 
Analysis in the Decision Support Tool (DST) to estimate the time and cost for 
assembly of existing, new or renewed products. These motions have been adapted to 
the requirements of MTM module and simplified when required. Moreover, the Time 
Data Tables with the predetermined times and the Decision Models for each kind of 
motion will be described as the basic framework for the implementation of the MTM 
Analysis. Basic MTM motions are: 
• Reach 
• Grasp 
• Move 
• Position 
• Release 
• Disengage 
• Turn 
Reach 
The motion Reach is defined as the basic hand or finger motion employed 
when the predominant purpose is to move the hand or fingers to a 
destination“(MTMA, 1958) (Karger & Bayha, 1987). The MTM Association for 
Standards and Research determined three terms of condition to clearly identify a 
Reach motion such as 1) Reach motion is performed only by fingers or hand, not by 
the foot 2) the hand may carry a small or a light object as the motion still provides 
the predominant purpose to move hand or fingers to a destination and 3) short 
reaches can be performed by moving only the fingers, but longer movements involve 
motion of the hand, forearm, and upper arm. There are five cases of Reach (Karger & 
Bayha, 1987): 
• Case A – Reach for an object in a fixed location or for an object in the 
other hand or on which the other hand rests. 
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• Case B – Reach for a single object in a location that may vary slightly 
from cycle to cycle. 
• Case C – Reach for an object in a group of objects which are keeping in a 
disorderly manner, therefore, search and select occur. 
• Case D – Reach for a very small object or where an accurate grasp is 
required. 
• Case E – Reach to an indefinite location to get the hand in position for 
body balance, for the next motion, or out of the way. 
According to the MTM Association, it is difficult to differentiate between three 
types of motion for Case A and Case B. These three possibilities vary in the motion 
of the hand at the beginning and the end of the Reach element. But for the 
application of the MTM Analysis in line with the case organization assembly 
process, this differentiation is not necessary. Therefore, the most common type in the 
industry will only be used to describe the Reach motion. This type is the start-stop 
motion where the hand is moving at neither the start nor at the end of the work. The 
Time Data Table for Reach with the TMU values for each distance is shown in Table 
E.1 and the Decision Model for Reach is shown in Figure E.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Appendices 236 
Table E.1: Time Date Table for Reach R ( Karger & Bayha, 1977) 
Case and Description
mR-A 
or 
R-Am 
mR-B
 or 
R-Bm
2 2,0 2,0 2,0 2,0 1,6 1,6
4 3,4 3,4 5,1 3,2 3,0 2,4
6 4,5 4,5 6,5 4,4 3,9 3,1
8 5,5 5,5 7,5 5,5 4,6 3,7
10 6,1 6,3 8,4 6,8 4,9 4,3
12 6,4 7,4 9,1 7,3 5,2 4,8
14 6,8 8,2 9,7 7,8 5,5 5,4
16 7,1 8,8 10,3 8,2 5,8 5,9
18 7,5 9,4 10,8 8,7 6,1 6,5
20 7,8 10,0 11,4 9,2 6,5 7,1
22 8,1 10,5 11,9 9,7 6,8 7,7
24 8,5 11,1 12,5 10,2 7,1 8,2
26 8,8 11,7 13,0 10,7 7,4 8,8
28 9,2 12,2 13,6 11,2 7,7 9,4
30 9,5 12,8 14,1 11,7 8,0 9,9
35 10,4 14,2 15,5 12,9 8,8 11,4
40 11,3 15,6 16,8 14,1 9,6 12,8
45 12,1 17,0 18,2 15,3 10,4 14,2
50 13,0 18,4 19,6 16,5 11,2 15,7
55 13,9 19,8 20,9 17,8 12,0 17,1
60 14,7 21,2 22,3 19,0 12,8 18,5
65 15,6 22,6 23,6 20,2 13,5 19,9
70 16,5 24,1 25,0 21,4 14,3 21,4
75 17,3 25,5 26,4 22,6 15,1 22,8
80 18,2 26,9 27,7 23,9 15,9 24,2
Additional 0,9 1,5 1,4 1,3 0,8 1,4 TMU per 5 cm over 80 cm
Distance 
Moved cm
Time TMU
E 
 Reach to indefinite location 
to get hand in position for 
body balance or next motion 
or out of way.
B 
 Reach to single object in 
location which may vary 
slightly from cycle to cycle.
C
  Reach to object jumbled with 
other objects in a group so 
that search and select occur.
R-A R-B R-C or  R-D R-E
Hand in Motion
A
Reach to object in fixed 
location, or to object in other 
hand or on which other hand 
rests.
D 
 Reach to very small object or 
where accurate grasp is 
required.
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Figure E.1: Decision Model for Reach R 
 
 
Is there nothing or 
only a small or light 
object in the hand?
Is the destination
 at an object to be 
obtained?
Case E Analysis 
YES
NO
Refer to Move 
modelNO
Is high manual
 control needed at or 
near the
 destination
Is search and 
select needed during 
the motion
YES
YES
Is there only one 
small object by itself at 
the destination
Case C Analysis 
Case D Analysis 
NO
YES
NO
YES
Is the destination 
„fixed“ in the operator’s 
mind?.
NO
Case A Analysis 
Is the object at the 
destination very small?
NO
Case D Analysis 
Case B Analysis 
YES
YES
NO
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Grasp 
The motion Grasp is defined as “the basic finger or hand element employed to 
secure control of an object” (MTMA, 1958) (Karger & Bayha, 1987). The first term 
of condition for the Grasp element is that the fingers or hand must obtain sufficient 
control of the object before they can perform the next motion, like Reach. 
Furthermore, the object to be handled must be a single object or a group of stacked or 
pilled objects which can be handled as a single object. In principle, the grasp element 
is not an individual motion but rather a combination of several basic motions, like 
Reach and Move. However, Grasp involves almost inclusively motions of the fingers 
and hand, because the motions are generally very short and the fingers and hand are 
the only body members capable to grasp objects. Normally, a Grasp is preceded by a 
Reach and followed by a Move, especially for a pick up. Although other preceding 
and following motions are possible, for example a Grasp can occur during two 
Position motions for a regrasp of the object. 
According to the MTM Association for Standards and Research five general 
types of Grasp have been standardized with a total of eleven several cases (Karger & 
Bayha, 1977): 
• Type 1 – Pickup Grasp, is used to obtain control or get hold of an object. 
o Case A – Any size object by itself, easily grasped. 
o Case B – Object very small or lying close to a flat surface. 
o Case C – Interference with Grasp on bottom and one side of nearly 
cylindrical object (consists of Cases 1, 2, and 3, which depends on 
object’s diameter2). 
• Type 2 – Regrasp, is used to shift hold or realign fingers on an object. 
• Type 3 – Transfer Grasp, is used to pass object or shift to other hand. 
• Type 4 – Select Grasp, is used to search and select objects from a jumbled 
pile of objects (consists of Cases A, B, and C, which depends on object’s 
size3) 
• Type 5 – Contact Grasp, is used to hook or slide a grasp. 
 
                                               
2 further particulars see Table E.2 
3 further particulars see Table E.2 
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Type of 
Grasp Case
Time 
TMU
G1A 2,0
G1B 3,5
G1C1 7,3 Diameter > 12 mm
G1C2 8,7 Diameter 6 to 12 mm
G1C3 10,8 Diameter < 6 mm
Regrasp G2 5,6
Transfer G3 5,6
G4A 7,3 > 25x25x25 mm
G4B 9,1 6x6x3 to 25x25x25 mm
G4C 12,9 < 6x6x3 mm
Contact G5 0,0 Contact, Sliding, or Hook Grasp
Interference with Grasp on 
bottom and one side of nearly 
cylindrical object
Object jumbled with other 
objects so that search and 
select occur
Pick-Up
Select
Description
Any size object by itself, easily grasped
Object very small or lying close against a flat surface
Change grasp without relinquishing control
Control transferred from one hand to the other
The Time Data Table and the Decision Model for Grasp are shown in Table E.2 and 
Figure E.2. 
Table E.2: Time Data Table for Grasp G (Karger & Bayha, 1977) 
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Contact, sliding or 
hook grasp?
Control transfered 
from one hand to the 
other?
Change grasp 
without elinquishing 
control
Is the object easily to
grasp with a simple closing 
of the fingers?
G5 (Contact 
Grasp)
G3 (Transfer 
Grasp)
G2 (Regrasp) 
one or more
YES
YES
YES
G1A (Pick-Up 
Grasp)YES
Is any interference 
to closure present?
Is the interference 
on the bottom only?
Is the rod-like 
diameter larger than 
12mm?
Is the rod-like 
diameter smaller 
than 6mm?
YES G1B (Pick-Up Grasp)
G1C1 (Pick-Up 
Grasp)
G1C2 (Pick-Up 
Grasp)
G1C3 (Pick-Up 
Grasp)
YES
YES
NO
YES
Is search and select 
necessary? NO
NO
NO
NO
NO
NO
NO
Is the object larger 
than 25x25x25mm
Is the object smaller 
than 6x6x3mm
G4A (Select 
Grasp)
G4B (Select 
Grasp)
G4C (Select 
Grasp)
NO
YES
NO
YES
NO
YES
G1A (Pick-Up 
Grasp)
Is the object very 
small? NO
G1B (Pick-Up 
Grasp)YES
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure E.2: Decision Model for Grasp G 
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Move 
Move is defined as “the basic hand or finger motion employed when the 
predominant purpose is to transport an object to a destination” (MTMA, 1958) 
(Karger & Bayha, 1987). There were some terms of condition determined to clearly 
specify a Move movement. First, the Move motion must be performed by hand 
fingers. Second, the motion could be carry the object as well as pushing or sliding it, 
but pushing an object with the foot is according to definition no Move motion. Third, 
the hand must exert control over the object during the motion. And last using the 
hand or fingers as a tool is also classified as a Move even if the hand is empty. The 
predominate purpose to transport an object is the deciding factor between a Reach or 
a Move motion. Therefore, if the hand is empty, the motion will be a Reach and not a 
Move, except the special case where the hand is used as a tool. A good example for 
this is using the fingers to crease a piece of papers. According to the MTM 
Association for Standards and Research there are three different cases of Move 
defined (Karger, 1977): 
• Case A – Move an object to the other hand or against a stop 
• Case B – Move an object to an approximate or undefined location 
• Case C – Move an object to an exact location 
Equal to Case A or Case B for the Reach motion, normally it is difficult to 
differentiate between three types of motion for Case B. But to simplify the 
application of the MTM Analysis for this application only the first type will be used. 
A very important MTM rule for these Move cases is that a Position motion is always 
preceded by a Case C Move motion. 
The object weight has a considerable effect on the time required to Move it. 
Therefore, two main factors were determined which are the major influences on the 
increased time needed for weighted Moves. The factors are the Dynamic Component, 
which is always present and the Static Component, which is usual present. To Move 
an object that has been grasped, the worker must first achieve control of the weight 
of the object. Either the hand already had enough control to start the movement, thus 
no Static Component time is needed. Otherwise, the hand has not sufficient control 
over the object this effort to gain control will be the Static Component. The time 
required to perform this part of the Move motion depends on the weight lifted and 
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will be an additive time factors, shown in Table E.3, which must be added to the total 
Move time, shown in Figure E.4. The Dynamic Component is always applied to the 
basic motion time before any addition is made for the Static Component and means 
that a greater object weight simply requires more time and energy to make the Move. 
The Time Data Table for Move with the TMU values for each distance and 
weight is shown in Table E.3. The Decision Model for Move is shown in Figure E.3 
and Figure E.4. 
Table E.3: Time Date Table for Move M (Karger & Bayha, 1977) 
M-A M-B M-C 
Hand in 
Motion 
mM-B 
or
 M-Bm
W
Weight (N) 
up to 
DC
Dynamic 
Component
 SC
Static 
Constant
2 2,0 2,0 2,0 1,7
4 3,1 4,0 4,5 2,8
6 4,1 5,0 5,8 3,1
8 5,1 5,9 6,9 3,7
10 6,0 6,8 7,9 4,3
12 6,9 7,7 8,8 4,9
14 7,7 8,5 9,8 5,4
16 8,3 9,2 10,5 6,0
18 9,0 9,8 11,1 6,5
20 9,6 10,5 11,7 7,1
22 10,2 11,2 12,4 7,6
24 10,8 11,8 13,0 8,2
26 11,5 12,3 13,7 8,7
28 12,1 12,8 14,4 9,3
30 12,7 13,3 15,1 9,8
35 14,3 14,5 16,8 11,2
40 15,8 15,6 18,5 12,6
45 17,4 16,8 20,1 14,0
50 19,0 18,0 21,8 15,4
55 20,5 19,2 23,5 16,8
60 22,1 20,4 25,2 18,2
65 23,6 21,6 26,9 19,5
70 25,2 22,8 28,6 20,9
75 26,7 24,0 30,3 22,3
80 28,3 25,2 32,0 23,7
Additional 1,6 1,2 1,7 1,4 TMU per 5 cm over 80 cm
220 1,51 16,4
11,9
180 1,41 13,4
200 1,46 14,9
160 1,36
120 1,27 8,8
140 1,32 10,4
1,17 5,8
100 1,22 7,3
40
1,04 1,6
1,07 2,8
C
Move object to exact 
location
With Allowance
Case and Description
10
Distance 
Moved cm
Time TMU
1,00 0,0
A
Move object to other hand 
or against stop
B
Move object to 
approximate or indefinite 
location
60 1,12 4,3
80
20
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Is the existing Grip
 on the object(s) adequate for 
control during ist displacement?
Is medium or high 
control needed to locate the 
object(s) at a destination „fixed“ 
in the operator’s 
mind?
Is the object 
moved to other 
hand or against 
stop?
Is high control needed to
 locate the object(s) to a exact 
destination?
Is the object 
2,5 pounds 
or less?
Refer to Grasp 
modelNO
YES
NO
YES
Is the object 
2,5 pounds
or less?
NO
YES
Case B Analysis
Case B with 
Weight Analysis 
(Sheet 2)
Case C with 
Weight Analysis 
(Sheet 2)
Case C  Analysis
NO
Is the object 
2,5 pounds
 or less?
NO
NO
YES
YES
Case A with 
Weight Analysis 
(Sheet 2)
Case A  AnalysisYES
NO
Is the following step a position 
motion?
YES
NO
Is the object 
2,5 pounds 
or less?
Case C with 
Weight Analysis 
(Sheet 2)
Case C  Analysis
NO
YESYES
 
Figure E.3: Decision Model for Move M (Sheet 1) 
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YES
NO
Is the 
object in 
motion at 
the 
start?
Is the object moved by only one hand?
YES NO
# = W
TMU = x * DC
# = W
TMU = x*DC + SC
# = the per hand Effective Net Weight, pounds
x = the Net Distance for Move motion
W = total Weight of the object moved, pounds
DC = Dynamic Component multiplier of the    
      Weight Factor
SC = Static Component additive of the Weight    
   Factor
# = 0.5 W
TMU = x * DC
# = 0.5 W
TMU = x*DC + SC
Weight Analysis
 
Figure E.4: Decision Model for Move M (Sheet 2) 
Position 
The motion Position is one of the most important motion categories in the 
MTM system. There were several sets of Position data established. For the 
application of the MTM Analysis in the Decision Support System (DST) the 
“International Position” was selected, because it is the simplest Position data and the 
only set which is fully recognized by all MTM associations (Karger & Bayha, 1977). 
The motion Position is defined as “the basic finger or hand element employed 
to align, orient, and engage one object with another to attain a specific relationship” 
(Karger & Bayha, 1987). The principal motions involved in Position are defined as to 
line up the two parts so that they have a common axis. 
• Orient is to rotate the part about the common axis of engagement so that it 
can be mated with the other part. 
• Engage is to enter one part into the other part. 
The used Position date includes altogether eighteen cases of Position. Each 
case is a combination of three Classes of Fit, three Cases of Symmetry, and two 
Possibilities of Handling. The Class of Fit accounts the clearance between engaging 
and engaged part and/or the pressure required for insertion. According to these 
engaging pressures and clearances three Class of Fit identifications have been 
developed as shown in Table E.4: 
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Table E.4: Class of Fit identification 
Class of Fit Clearance Pressure
Loose Appreciable, but not in excess of 6 mm total None
Close Visible, parts are snug but will slide with only slight resistance or friction, <= 1,5 mm Light
Exact None visible, very slight tolerance, but parts can still be engaged manually, <= 0,4 mm Heavy  
The Case of Symmetry describes the geometric characteristic of the engaging 
and the engaged part as they affect the amount of orientation or maximum possible 
orientation prior to the insertion. The last variables for Position are the Possibilities 
of Handling such as Easy-to-Handle and Difficult-to-Handle. An engaging part is 
called Easy-to-Handle if no change of grasp or regrasp during Position is necessary. 
Criteria to determine a part as Difficult-to-Handle are: slippery, breakable, edged or 
flexible parts, hidden joints, shortage of space and if there is a risk of injury for the 
worker. 
The Time Data Table for Position is shown in Table E.5. The Decision Model 
for Move is shown in Figure E.5, Figure E.6, Figure E.7, and Figure E.8. 
Table E.5: Time Data Table for Position P (Karger & Bayha, 1977) 
Symbol Class of Fit Description Clearance Symmetry E  Easy-to- Handle
D Difficult- 
to-Handle
S 5,6 11,2
SS 9,1 14,7
NS 10,4 16,0
S 16,2 21,8
SS 19,7 25,3
NS 21,0 26,6
S 43,0 48,6
SS 46,5 52,1
NS 47,8 53,4
≤± 0,4 mmHeavy pressure requiredExactP3
P1 Loose No pressure required ≤± 6 mm
P2 Close Light pressure required ≤± 1,5 mm
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Is the 
relationship limited in the 
relative number of ways the 
object(s) can be 
placed?
Is the relationship 
limited to only one way the 
object(s) can be
 placed?
Is the 
relationship limited to two
or more, but not infinite 
ways the object(s) can be 
placed?
Symmetrical 
Analysis (See 
Matrix A)
NO
YES
NO
YES
Non-Symmetrical 
Analysis (See 
Matrix C)
YES
NO
Semi-Symmetrical 
Analysis (See 
Matrix B)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure E.5: Decision Model for Position P (Sheet 1) 
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Can the 
relationship
 be attained without 
pressure on the 
object(s)?
Are there some 
difficulties during the 
insertion process, so that a 
regrasp is required?
P1SE
P1SD
NO
YES
Is heavy pressure 
nedded?NO
P2SE
P2SD
NO
YES
P3SE
P3SD
NO
NO
Matrix A
Is the 
joining based 
of chamfers
 >1,5mm?
NO
NO
YES
YES
Is the 
joining based 
of chamfers
 >0,4mm?
YES
NO
YES
 
Figure E.6: Decision Model for Position (Matrix A) 
 
Are there some 
difficulties during the 
insertion process, so that a 
regrasp is required?
P1SSE
P1SSD
NO
YES
P2SSE
P2SSD
NO
YES
P3SSE
P3SSD
NO
NO
Matrix B
Can the 
relationship be 
attained without 
pressure on the 
object(s)?
Is heavy pressure 
nedded?NO
Is the 
joining based 
of chamfers
 >1,5mm?
NO
Is the 
joining based 
of chamfers
 >0,4mm?
YES
YES
NO NO
YES
YES
 
Figure E.7: Decision Model for Position P (Matrix B) 
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Are there some 
difficulties during the 
insertion process, so that a 
regrasp is required?
P1NSE
P1NSD
NO
YES
P2NSE
P2NSD
NO
YES
P3NSE
P3NSD
NO
NO
Matrix C
Can the 
relationship
 be attained without 
pressure on the 
object(s)?
Is heavy pressure 
nedded?NO
Is the 
joining based 
of chamfers
 >1,5mm?
NO
Is the 
joining based 
of chamfers
 >0,4mm?
YES
YES
YES
NO NO
YES
 
Figure E.8: Decision Model for Position P (Matrix C) 
Release 
Release is defined as “the basic finger or hand motion employed to relinquish 
control of an object. Release is performed only by the fingers or the hand” (Karger & 
Bayha, 1987). There are two reasons for Release. First, the control of an object by 
the worker is not longer necessary and second, the Release motion frees the fingers 
and hand to use them in other motions. Release, as the opposite of Grasp, is one of 
the simplest MTM motions and needs a minimum amount of time. According to 
(Karger & Bayha, 1977) there are only two kinds of Release defined: 
• Case 1 – Opening the fingers as a separate, distinct motion. 
• Case 2 – Breaking contact between the object(s) and the fingers or hand, 
when no discernible motion occurs. 
The Case 1 will also be described as a “Normal” Release, because it is a 
simple, easy, natural motion. The only involved motion is reaching of the fingers out 
of the way of the object. The Case 2, also named as Contact Release, described the 
fact that the object is no longer under manual control. Since no motion occurs during 
this Release motion, this will consume no time. This element is the opposite of a 
Contact Grasp G5.  
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Is merely ending 
a controlling touch 
enough?
RL2 (Contact 
Release)
RL1 (Normal 
Release)NO
YES
The time data table and the decision model for release are shown in Table E.6 and 
Figure E.9. 
Table E.6: Time Date Table for Release RL (Karger, 1977) 
Symbol Time TMU Desciption
RL 1 2,0 Normal release performed by opening fingers as independent motion
RL 2 0,0 Contact release  
 
 
 
 
 
 
 
Figure E.9: Decision Model for Release RL 
Disengage 
Disengage is defined as “the basic hand or finger element employed to separate 
one object from another object where there is a sudden ending of resistance” 
(MTMA, 1958). The terms of disengage are friction or recoil must be present and 
there must be a noticeable break in the movement of the hand. This recoil action is 
the significant characteristic to identifying a Disengage motion. Typical examples of 
Disengage are (Karger & Bayha, 1977): 
• Removing the handle of a socket wrench set from a socket. 
• Pulling a plug gage out of a snugly fitting hole in a part being inspected. 
• Uncorking a bottle of wine with a corkscrew. 
• Pulling a radio tube from its socket. 
• Lifting a riveted assembly out of a nesting anvil after the ram of the 
machine has squeezed a staked component into the contour of the nest. 
Disengage is the opposite of the Position motion and consists of two major 
actions. The first action is to break the contact resistance which keeps the objects 
together and the second is the recoil movement of the finger, hand, and arm muscles 
used. According to Karger & Bayha (1977) there are six kinds of Release defined 
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depends of class of fit and ease of handling. These two variable categories of 
Disengage are expressed in terms similar to the Position motion. The three classes of 
fit account the effort required to break contact and the result of the recoil action. 
These three classes of fit are: 
• Class 1 – Loose Fit requires only slight effort to break contact and results 
in separations with minimal recoil. 
• Class 2 – Close Fit requires noticeable effort to break contact and is 
followed by moderate recoil denoting separation. 
• Class 3 - Tight Fit requires considerable effort to break contact, and is 
readily evidenced by the hand recoiling markedly. 
There two handling categories to determine the ease of handling of a part: 
• Parts which are easy to handle can be grasped securely and disengaged 
without changing the original grasp. 
• Parts which are difficult to handle cannot be readily grasped securely 
enough to permit their disengagement without correction of the grasp. 
The MTM Time Data Table and the Decision Model for Disengage are shown 
in Table E.7 and Figure E.10. 
Table E.7: Time Data Table for Disengage D (Karger & Bayha, 1977) 
Symbol Class of Fit Description E  Easy to Handle
D  Difficult 
to Handle
D1 Loose Very slight effort, blends with subsequent move 4,0 5,7
D2 Close Normal effort, slight recoil 7,5 11,8
D3 Tight Considerable effort, hands recoils markedly 22,9 34,7  
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Is the required 
effort slight and the 
recoil minimal?
Are there some 
difficulties during the disengage 
process, so that a regrasp is 
required?
D1E
D1D
NO
YES
Is the required 
effort considerable 
and the recoil 
marked?
NO
D2E
D2D
NO
YES
D3E
D3D
NO
NO
YES NO
YES
 
Figure E.10: Decision Model for Disengage D  
Turn 
Turn is defined as “the basic motion employed to rotate the hand about the long 
axis of the forearm” (Karger & Bayha, 1987). There are two terms for Turn motion. 
First, the hand may be empty or holding an object and second, Turn involves the two 
bones in the forearm and a pivoting motion at the elbow and therefore cannot be 
made while holding the wrist firm. Two major variables have been evaluated for 
Turn motions: 
• Degrees of Turn – The further the action of the forearm muscles causes the 
wrist and hand to be rotated, the longer will be the time required. 
• Resistance of Turn – There are three weight categories of objects being 
turned: 
o S – Small (0 to 10 N) 
o M – Medium (10 to 50 N) 
o L – Large (50 to 160 N) 
The rotation of the forearm cannot exceed 180 degrees due to the physical 
structure of the two bones. When the weights larger than 160 N must be rotated, 
motions other than Turn will be involved. Therefore the upper limit of the 
classifications was set to 160 N. The MTM Time Data Table and the Decision Model 
for Turn are shown in Table E.8 and Figure E.11. 
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Is the hand empty?
Does the object 
In the hand weigh up
 to 10 N?
Does the object 
In the hand weigh
 10 to 50 N?
Does the object 
In the hand weigh
 over 160 N?
T xxx
T xxx S
T xxx M
T xxx L
YES
NO
YES
NO
YES
NO
NO
Refer to another 
Manual Motion 
model
YES
 
Table E.8: Time Data Table for Turn T (Karger & Bayha, 1977) 
30 45 60 75 90 105 120 135 150 165 180
Small        - 0 to 10 2,8 3,5 4,1 4,8 5,4 6,1 6,8 7,4 8,1 8,7 9,4
Medium  - 10 to 50 4,4 5,5 6,5 7,5 8,5 9,6 10,6 11,6 12,7 13,7 14,8
Large        - 50 to 160 8,4 10,5 12,3 14,4 16,2 18,3 20,4 22,2 24,3 26,1 28,2
Time TMU for Degrees Turned
Weight in N
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure E.11: Decision Model for Turn T 
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Appendix F 
C# code for MTM analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure F.1: MTM Analysis user interface 
 
using System; 
using System.Collections.Generic; 
using System.ComponentModel; 
using System.Data; 
using System.Drawing; 
using System.Linq; 
using System.Text; 
using System.Windows.Forms; 
using System.IO; 
using System.Reflection; 
using System.Data.OleDb; 
using System.Globalization; 
 
 
 
namespace WindowsFormsApplication1 
{ 
    public partial class MTMAnalysis : Form 
    { 
        public string strConnectionString; 
        public string newname; 
 
         
        public MTMAnalysis() 
        { 
            InitializeComponent(); 
        } 
 
        private void bt1position_Click(object sender, EventArgs e) 
        { 
            PositionMatrix f1 = new PositionMatrix(); 
            f1.ShowDialog(); 
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            CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
            System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
 
            //load tb2 
            string name1 = GlobalMTM.Existname; 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
            string strtb2 = "SELECT (PM_TMU) FROM AnalysisName WHERE 
AName=@AName"; 
            OleDbCommand cmdtb2 = new OleDbCommand(strtb2, con); 
            cmdtb2.Parameters.Add("@AName", OleDbType.Char).Value = name1; 
            OleDbDataReader drtb2 = cmdtb2.ExecuteReader(); 
            while (drtb2.Read()) 
            { 
                tb2pmtmu.Text = drtb2[0].ToString(); 
            } 
            drtb2.Close(); 
            tb1pms.Text = (Convert.ToDouble(tb2pmtmu.Text) * 
0.036).ToString("F2"); 
 
            //load tb11 
            string strcount = "SELECT COUNT (Matrix) FROM " + name1 + "_PM"; 
            OleDbCommand cmdcount = new OleDbCommand(strcount, con); 
            int count = (int)cmdcount.ExecuteScalar(); 
 
            string strtb11 = "SELECT * FROM " + name1 + "_PM WHERE 
Matrix<>'leer'"; 
            OleDbCommand cmdtb11 = new OleDbCommand(strtb11, con); 
            int cell = 1; 
            int numpos = 0; 
            for (int i = 1; i < count; i++) 
            { 
                int row = 0; 
                OleDbDataReader drtb11 = cmdtb11.ExecuteReader(); 
                while (drtb11.Read()) 
                { 
                    string b = drtb11[i].ToString(); 
                    if (b != "") 
                    { 
                        if (b.Contains("disable")) 
                        { 
                        } 
                        else 
                        { 
                            string[] motion1 = b.Split('x'); 
                            numpos = numpos + Convert.ToInt32(motion1[0]); 
                        } 
                    } 
                    row++; 
                } 
                drtb11.Close(); 
                cell++; 
            } 
            tb11numpos.Text = numpos.ToString(); 
            con.Close(); 
 
 
            System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
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        } 
 
        private void bt2grasp_Click(object sender, EventArgs e) 
        { 
            GraspMatrix f1 = new GraspMatrix(); 
            f1.ShowDialog(); 
 
            CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
            System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
 
            //load tb4 
            string name1 = GlobalMTM.Existname; 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
            string strtb4 = "SELECT (GM_TMU) FROM AnalysisName WHERE 
AName=@AName"; 
            OleDbCommand cmdtb4 = new OleDbCommand(strtb4, con); 
            cmdtb4.Parameters.Add("@AName", OleDbType.Char).Value = name1; 
            OleDbDataReader drtb4 = cmdtb4.ExecuteReader(); 
            while (drtb4.Read()) 
            { 
                tb4gmtmu.Text = drtb4[0].ToString(); 
            } 
            drtb4.Close(); 
            tb3gms.Text = (Convert.ToDouble(tb4gmtmu.Text) * 
0.036).ToString("F2"); 
 
            //load tb12 
            string strcount = "SELECT * FROM " + name1 + "_GM WHERE 
Matrix='leer'"; 
            OleDbCommand cmdcount = new OleDbCommand(strcount, con); 
            OleDbDataReader drcount = cmdcount.ExecuteReader(); 
            int count = drcount.FieldCount; 
 
            int numgrasp = 0; 
            string strtb12 = "SELECT * FROM " + name1 + "_GM WHERE 
Matrix<>'leer'"; 
            OleDbCommand cmdtb12 = new OleDbCommand(strtb12, con); 
 
            for (int cell = 1; cell < count; cell++) 
            { 
                int row = 0; 
                OleDbDataReader drtb12 = cmdtb12.ExecuteReader(); 
                while (drtb12.Read()) 
                { 
                    string b = drtb12[cell].ToString(); 
                    if (b != "") 
                    { 
                        if (b.Contains("disable")) 
                        { 
                        } 
                        else 
                        { 
                            string[] motion1 = b.Split('x'); 
                            numgrasp = numgrasp + Convert.ToInt32(motion1[0]); 
                        } 
                    } 
                    row++; 
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                } 
                drtb12.Close(); 
            } 
            tb12numgrasp.Text = numgrasp.ToString(); 
 
            con.Close(); 
            System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
        } 
 
        private void bt3addmotion_Click(object sender, EventArgs e) 
        { 
            MotionModels f1 = new MotionModels(); 
            f1.Show(); 
        } 
 
        private void bt6erformances_Click(object sender, EventArgs e) 
        { 
            Performances f1 = new Performances(); 
            f1.ShowDialog(); 
 
            CultureInfo oldCI1 = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
            System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
             
             
            //load tb6 
            string name1 = GlobalMTM.Existname; 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
            string strtb6 = "SELECT (PER_TMU) FROM AnalysisName WHERE 
AName=@AName"; 
            OleDbCommand cmdtb6 = new OleDbCommand(strtb6, con); 
            cmdtb6.Parameters.Add("@AName", OleDbType.Char).Value = name1; 
            OleDbDataReader drtb6 = cmdtb6.ExecuteReader(); 
            while (drtb6.Read()) 
            { 
                tb6pertmu.Text = drtb6[0].ToString(); 
            } 
            drtb6.Close(); 
            tb5pers.Text = (Convert.ToDouble(tb6pertmu.Text) * 
0.036).ToString("F2"); 
 
            System.Threading.Thread.CurrentThread.CurrentCulture = oldCI1; 
 
            //load tb13 
            int numper = 0; 
            string strtb13 = "SELECT TMU FROM " + name1 + "_PER"; 
            OleDbCommand cmdtb13 = new OleDbCommand(strtb13, con); 
            OleDbDataReader drtb13 = cmdtb13.ExecuteReader(); 
            while (drtb13.Read()) 
            { 
                string c = drtb13[0].ToString(); 
                if ((c == "")|(c.Contains("disable"))) 
                { 
                } 
                else 
                { 
                  numper = numper + 1; 
                } 
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            } 
            drtb13.Close(); 
            tb13nummotion.Text = numper.ToString(); 
 
            CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
            System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
 
            //load tb14 
            double costs = 0.00; 
            string strtb14 = "SELECT * FROM " + name1 + "_PER"; 
            OleDbCommand cmdtb14 = new OleDbCommand(strtb14, con); 
            OleDbDataReader drtb14 = cmdtb14.ExecuteReader(); 
            while (drtb14.Read()) 
            { 
                if (drtb14[3].ToString().Contains("disable")) 
                { 
                } 
                else 
                { 
                    string d = drtb14[6].ToString(); 
                    if (d != "") 
                        costs = costs + Convert.ToDouble(d); 
                } 
            } 
            drtb14.Close(); 
            tb14costs.Text = costs.ToString(); 
 
            con.Close(); 
 
             
 
            tb17totalcost.Text = (Convert.ToDouble(tb8costpar.Text.ToString()) 
+ (Convert.ToDouble(tb14costs.Text.ToString()))).ToString("F2"); 
                        
 
            tb18productsph.Text = (60 / (Convert.ToDouble(tb5pers.Text)) * 
60).ToString("F2"); 
 
            System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
        } 
 
        private void bt1new_Click(object sender, EventArgs e) 
        { 
            if (tb1newname.Text == "") 
            { 
                MessageBox.Show("Please Enter a Name"); 
            } 
            else 
            { 
                string name = tb1newname.Text; 
                name = name.Replace(" ", "_"); 
 
                strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
                OleDbConnection con = new 
OleDbConnection(strConnectionString); 
                con.Open(); 
 
                //check if name already exists 
                if (cb2delete.Items.Contains(name)) 
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                { 
                    MessageBox.Show("This Name already exists, Please Choose 
another Name.");  
                } 
                else 
                { 
                    //listView1.Items.Clear(); 
                    tb1pms.Text = "0.00"; 
                    tb2pmtmu.Text = "0.00"; 
                    tb3gms.Text = "0.00"; 
                    tb4gmtmu.Text = "0.00"; 
                    tb5pers.Text = "0.00"; 
                    tb6pertmu.Text = "0.00"; 
                    tb7numpar.Text = "0"; 
                    tb8costpar.Text = "0.00"; 
                    tb9numtool.Text = "0"; 
                    tb10costtool.Text = "0.00"; 
                    tb11numpos.Text = "0"; 
                    tb12numgrasp.Text = "0"; 
                    tb13nummotion.Text = "0"; 
                    tb14costs.Text = "0.00"; 
                    tb15costgrasp.Text = "0.00"; 
                    tb16costposi.Text = "0.00"; 
                    tb17totalcost.Text = "0.00"; 
                    tb18productsph.Text = "0"; 
 
                    GlobalMTM.Newname = name; 
                    gb2analysis.Text = name; 
                    gb2analysis.Visible = true; 
                    GlobalMTM.newAnalysis = true; 
                    cb3workstation.SelectedIndex = 0; 
 
                    //add new analysisname ant Times to table AnalysisName 
                    string str = "INSERT INTO AnalysisName" + 
"([AName],[PM_TMU],[GM_TMU],[PER_TMU])" + 
"VALUES(@AName,@PM_TMU,@GM_TMU,@PER_TMU)"; 
                    OleDbCommand cmd = new OleDbCommand(str, con); 
                    cmd.Parameters.Add("@Name", OleDbType.Char).Value = name; 
                    cmd.Parameters.Add("@PM_TMU", OleDbType.Char).Value = 
tb2pmtmu.Text; 
                    cmd.Parameters.Add("@GM_TMU", OleDbType.Char).Value = 
tb4gmtmu.Text; 
                    cmd.Parameters.Add("@PER_TMU", OleDbType.Char).Value = 
tb6pertmu.Text; 
                    try 
                    { 
                        int count = cmd.ExecuteNonQuery(); 
                    } 
                    catch (OleDbException ex) 
                    { 
                        MessageBox.Show(ex.Message); 
                    } 
                    finally 
                    { 
                    } 
 
                    // create new PM_table(Position Matrix) with name = new 
name 
                    string strpmtable = "CREATE TABLE " + name + "_PM(Matrix 
MEMO)"; 
                    OleDbCommand cmdpmtable = new OleDbCommand(strpmtable, 
con); 
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                    try 
                    { 
                        int count = cmdpmtable.ExecuteNonQuery(); 
                    } 
                    catch (OleDbException ex) 
                    { 
                        MessageBox.Show(ex.Message); 
                    } 
                    finally 
                    { 
                    } 
                    
                    // create new GM_table(Grasp Matrix) with name = new name 
                    string strgmtable = "CREATE TABLE " + name + "_GM(Matrix 
MEMO)"; 
                    OleDbCommand cmdgmtable = new OleDbCommand(strgmtable, 
con); 
                    try 
                    { 
                        int count = cmdgmtable.ExecuteNonQuery(); 
                    } 
                    catch (OleDbException ex) 
                    { 
                        MessageBox.Show(ex.Message); 
                    } 
                    finally 
                    { 
                    } 
      
                    // create new PER_table(Performance) with name = new name 
                    string strpertable = "CREATE TABLE " + name + "_PER(Posi 
MEMO, Description MEMO, Motion MEMO, TMU MEMO, Parts MEMO, Tools MEMO, 
Labourcosts MEMO)"; 
                    OleDbCommand cmdpertable = new OleDbCommand(strpertable, 
con); 
                    try 
                    { 
                        int count = cmdpertable.ExecuteNonQuery(); 
                    } 
                    catch (OleDbException ex) 
                    { 
                        MessageBox.Show(ex.Message); 
                    } 
                    finally 
                    { 
                    } 
                 
                    // create new PMParts_table with name = new name 
                    string strpmpartstable = "CREATE TABLE " + name + 
"_Parts(PartName MEMO, PartNumber MEMO, Quantity MEMO, PartCategory MEMO, 
Price MEMO, Description MEMO)"; 
                    OleDbCommand cmdpmpartstable = new 
OleDbCommand(strpmpartstable, con); 
                    try 
                    { 
                        int count = cmdpmpartstable.ExecuteNonQuery(); 
                    } 
                    catch (OleDbException ex) 
                    { 
                        MessageBox.Show(ex.Message); 
                    } 
                    finally 
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                    { 
                    } 
                     
                    // create new GMparts _table with name = new name 
                    string strgmpartstable = "CREATE TABLE " + name + 
"_Tools(ArticleName MEMO, ArticleNumber MEMO, Quantity MEMO, Category MEMO,  
Price MEMO, Description MEMO)"; 
                    OleDbCommand cmdgmpartstable = new 
OleDbCommand(strgmpartstable, con); 
                    try 
                    { 
                        int count = cmdgmpartstable.ExecuteNonQuery(); 
                    } 
                    catch (OleDbException ex) 
                    { 
                        MessageBox.Show(ex.Message); 
                    } 
                    finally 
                    { 
                    } 
                    con.Close(); 
                } 
            } 
        } 
 
        private void bt2open_Click(object sender, EventArgs e) 
        { 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
            string name = cb1existname.SelectedItem.ToString(); 
            name = name.Replace(" ", "_"); 
 
            if (cb1existname.SelectedIndex != 0) 
            { 
 
                GlobalMTM.newAnalysis = false; 
                GlobalMTM.Existname = name; 
                gb2analysis.Text = name; 
                gb2analysis.Visible = true; 
 
                CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
                System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
 
                // load Workstaion in cb3 if available and Times in textboxes 
                string str = "SELECT * FROM AnalysisName WHERE AName=@AName"; 
                OleDbCommand cmd = new OleDbCommand(str, con); 
                cmd.Parameters.Add("@AName", OleDbType.Char).Value = name; 
                OleDbDataReader dr = cmd.ExecuteReader(); 
 
                while (dr.Read()) 
                { 
                    if (dr[1].ToString() == "") 
                        cb3workstation.SelectedIndex = 0; 
                    else 
                        cb3workstation.Text = dr[1].ToString(); 
                    tb2pmtmu.Text = dr[3].ToString(); 
                    tb4gmtmu.Text = dr[4].ToString(); 
                    tb6pertmu.Text = dr[5].ToString(); 
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                } 
                dr.Close(); 
 
                //calculate textboxes in sec. 
                tb1pms.Text = (Convert.ToDouble(tb2pmtmu.Text) * 
0.036).ToString("F2"); 
                tb3gms.Text = (Convert.ToDouble(tb4gmtmu.Text) * 
0.036).ToString("F2"); 
 
                //System.Threading.Thread.CurrentThread.CurrentCulture = 
oldCI; 
 
                tb5pers.Text = (Convert.ToDouble(tb6pertmu.Text) * 
0.036).ToString("F2"); 
                tb18productsph.Text = (60/(Convert.ToDouble(tb5pers.Text))* 
60).ToString("F2"); 
 
                //System.Threading.Thread.CurrentThread.CurrentCulture = 
oldCI; 
 
                //load tb7,8,9,10 
                double number = 0; 
                double price = 0.00; 
                string price1; 
                string strparts = "SELECT Quantity, Price FROM " + name + 
"_Parts"; 
                OleDbCommand cmdparts = new OleDbCommand(strparts, con); 
                OleDbDataReader drparts = cmdparts.ExecuteReader(); 
                while (drparts.Read()) 
                { 
                    number = number + Convert.ToDouble(drparts[0].ToString()); 
                    price1 = drparts[1].ToString(); 
                    price1 = price1.Replace(",", "."); 
                    price = price + (Convert.ToDouble(price1) * 
Convert.ToDouble(drparts[0].ToString())); 
                    //price = price + (Convert.ToDouble(drparts[1].ToString()) 
* Convert.ToDouble(drparts[0].ToString())); 
                } 
                drparts.Close(); 
                tb7numpar.Text = number.ToString("F0"); 
                tb8costpar.Text = price.ToString("F2"); 
 
                System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
 
                number = 0; 
                price = 0.00; 
             
                string strtools = "SELECT Quantity, Price FROM " + name + 
"_Tools"; 
                OleDbCommand cmdtools = new OleDbCommand(strtools, con); 
                OleDbDataReader drtools = cmdtools.ExecuteReader(); 
                while (drtools.Read()) 
                { 
                    number = number + Convert.ToDouble(drtools[0].ToString()); 
                    price = price + (Convert.ToDouble(drtools[1].ToString()) * 
Convert.ToDouble(drtools[0].ToString())); 
                } 
                drtools.Close(); 
                tb9numtool.Text = number.ToString("F0"); 
                tb10costtool.Text = price.ToString("F2"); 
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                //load tb11 
                string strcount = "SELECT COUNT (Matrix) FROM " + name + 
"_PM"; 
                OleDbCommand cmdcount = new OleDbCommand(strcount, con); 
                int count = (int)cmdcount.ExecuteScalar(); 
 
                string strtb11 = "SELECT * FROM " + name + "_PM WHERE 
Matrix<>'leer'"; 
                OleDbCommand cmdtb11 = new OleDbCommand(strtb11, con); 
                int cell = 1; 
                int numpos = 0; 
                for (int i = 1; i < count; i++) 
                { 
                    int row = 0; 
                    OleDbDataReader drtb11 = cmdtb11.ExecuteReader(); 
                    while (drtb11.Read()) 
                    { 
                        string b = drtb11[i].ToString(); 
                        if (b != "") 
                        { 
                            if (b.Contains("disable")) 
                            { 
                            } 
                            else 
                            { 
                                string[] motion1 = b.Split('x'); 
                                numpos = numpos + Convert.ToInt32(motion1[0]); 
                            } 
                        } 
                        row++; 
                    } 
                    drtb11.Close(); 
                    cell++; 
                } 
                tb11numpos.Text = numpos.ToString(); 
 
                //load tb12 
                string strcount1 = "SELECT * FROM " + name + "_GM WHERE 
Matrix='leer'"; 
                OleDbCommand cmdcount1 = new OleDbCommand(strcount1, con); 
                OleDbDataReader drcount1 = cmdcount1.ExecuteReader(); 
                int count1 = drcount1.FieldCount; 
 
                int numgrasp = 0; 
                string strtb12 = "SELECT * FROM " + name + "_GM WHERE 
Matrix<>'leer'"; 
                OleDbCommand cmdtb12 = new OleDbCommand(strtb12, con); 
 
                for (int cell1 = 1; cell1 < count1; cell1++) 
                { 
                    int row = 0; 
                    OleDbDataReader drtb12 = cmdtb12.ExecuteReader(); 
                    while (drtb12.Read()) 
                    { 
                        string b = drtb12[cell1].ToString(); 
                        if (b != "") 
                        { 
                            if (b.Contains("disable")) 
                            { 
                            } 
                            else 
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                            { 
                                string[] motion1 = b.Split('x'); 
                                numgrasp = numgrasp + 
Convert.ToInt32(motion1[0]); 
                            } 
                        } 
                        row++; 
                    } 
                    drtb12.Close(); 
                } 
                tb12numgrasp.Text = numgrasp.ToString(); 
 
                //load tb13 
                int numper = 0; 
                string strtb13 = "SELECT TMU FROM " + name + "_PER"; 
                OleDbCommand cmdtb13 = new OleDbCommand(strtb13, con); 
                OleDbDataReader drtb13 = cmdtb13.ExecuteReader(); 
                while (drtb13.Read()) 
                { 
                    string c = drtb13[0].ToString(); 
                    if ((c == "") | (c.Contains("disable"))) 
                    { 
                    } 
                    else 
                    { 
                        numper = numper + 1; 
                    } 
                } 
                drtb13.Close(); 
                tb13nummotion.Text = numper.ToString(); 
 
                CultureInfo oldCI1 = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
                System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
 
                //load tb14,tb15 and tb16 
                double wage = 0.00; 
                string strtb15 = "SELECT Wagepersec FROM AnalysisName WHERE 
AName=@AName"; 
                OleDbCommand cmdtb15 = new OleDbCommand(strtb15, con); 
                cmdtb15.Parameters.Add("@AName", OleDbType.Char).Value = name; 
                OleDbDataReader drtb15 = cmdtb15.ExecuteReader(); 
                while (drtb15.Read()) 
                { 
                    if (drtb15[0].ToString().Equals("")) 
                    { 
                    } 
                    else 
                    wage = Convert.ToDouble(drtb15[0].ToString()); 
                } 
                drtb15.Close(); 
                 
                tb15costgrasp.Text = (Convert.ToDouble(tb3gms.Text) * 
wage).ToString("F3"); 
                tb16costposi.Text = (Convert.ToDouble(tb1pms.Text) * 
wage).ToString("F3"); 
                con.Close(); 
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                tb14costs.Text = (Convert.ToDouble(tb5pers.Text) * 
wage).ToString("F3"); 
                tb17totalcost.Text = 
(Convert.ToDouble(tb8costpar.Text.ToString()) + 
(Convert.ToDouble(tb14costs.Text.ToString()))).ToString("F2"); 
 
                System.Threading.Thread.CurrentThread.CurrentCulture = oldCI1; 
            } 
        } 
 
        private void MTMAnalysis_Load(object sender, EventArgs e) 
        { 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
 
            CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
            System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
             
            // load cb1 new 
            cb1existname.Items.Clear(); 
            cb1existname.Items.Add("...Please Choose..."); 
            cb1existname.SelectedIndex = 0; 
            string str = "SELECT * FROM AnalysisName"; 
            OleDbCommand cmd = new OleDbCommand(str, con); 
            OleDbDataReader dr = cmd.ExecuteReader(); 
            while (dr.Read()) 
            { 
                if (cb1existname.Items.Contains(dr[0].ToString())) 
                { 
                } 
                else 
                { 
                    cb1existname.Items.Add(dr[0].ToString()); 
                } 
            } 
            dr.Close(); 
 
            //load cb3 new 
            cb3workstation.Items.Clear(); 
            cb3workstation.Items.Add("...Please Choose..."); 
            cb3workstation.SelectedIndex = 0; 
            string strcb3 = "SELECT * FROM Workstation"; 
            OleDbCommand cmdcb3 = new OleDbCommand(strcb3, con); 
            OleDbDataReader drcb3 = cmdcb3.ExecuteReader(); 
            while (drcb3.Read()) 
            { 
                if (cb3workstation.Items.Contains(drcb3[0].ToString())) 
                { 
                } 
                else 
                { 
                    cb3workstation.Items.Add(drcb3[0].ToString()); 
                } 
            } 
            drcb3.Close(); 
             
            // load cb2 new 
            cb2delete.Items.Clear(); 
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            cb2delete.Items.Add("...Please Choose..."); 
            cb2delete.SelectedIndex = 0; 
            string strcb2 = "SELECT * FROM AnalysisName"; 
            OleDbCommand cmdcb2 = new OleDbCommand(strcb2, con); 
            OleDbDataReader drcb2 = cmd.ExecuteReader(); 
            while (drcb2.Read()) 
            { 
                if (cb2delete.Items.Contains(drcb2[0].ToString())) 
                { 
                } 
                else 
                { 
                    cb2delete.Items.Add(drcb2[0].ToString()); 
                } 
            } 
            drcb2.Close(); 
            con.Close(); 
            System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
        } 
 
        private void rb1new_CheckedChanged(object sender, EventArgs e) 
        { 
            label3.Visible = true; 
            tb1newname.Visible = true; 
            bt1new.Visible = true; 
            label2.Visible = false; 
            cb1existname.Visible = false; 
            bt2open.Visible = false; 
            label1.Visible = false; 
            cb2delete.Visible = false; 
            bt7delete.Visible = false; 
            gb2analysis.Visible = false; 
        } 
 
        private void rb2open_CheckedChanged(object sender, EventArgs e) 
        { 
            label2.Visible = true; 
            cb1existname.Visible = true; 
            bt2open.Visible = true; 
            label3.Visible = false; 
            tb1newname.Visible = false; 
            bt1new.Visible = false; 
            label1.Visible = false; 
            cb2delete.Visible = false; 
            bt7delete.Visible = false; 
            gb2analysis.Visible = false; 
            tb1newname.Text = ""; 
 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
 
            // load cb1 new 
            cb1existname.Items.Clear(); 
            cb1existname.Items.Add("...Please Choose..."); 
            cb1existname.SelectedIndex = 0; 
            string str = "SELECT * FROM AnalysisName"; 
            OleDbCommand cmd = new OleDbCommand(str, con); 
            OleDbDataReader dr = cmd.ExecuteReader(); 
            while (dr.Read()) 
            { 
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                if (cb1existname.Items.Contains(dr[0].ToString())) 
                { 
                } 
                else 
                { 
                    cb1existname.Items.Add(dr[0].ToString()); 
                } 
            } 
            dr.Close(); 
            con.Close(); 
        } 
 
        private void rb3delete_CheckedChanged(object sender, EventArgs e) 
        { 
            label1.Visible = true; 
            cb2delete.Visible = true; 
            bt7delete.Visible = true; 
            label3.Visible = false; 
            tb1newname.Visible = false; 
            bt1new.Visible = false; 
            label2.Visible = false; 
            cb1existname.Visible = false; 
            bt2open.Visible = false; 
            gb2analysis.Visible = false; 
            tb1newname.Text = ""; 
 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
 
            // load cb2 new 
            cb2delete.Items.Clear(); 
            cb2delete.Items.Add("...Please Choose..."); 
            cb2delete.SelectedIndex = 0;  
            string str = "SELECT * FROM AnalysisName"; 
            OleDbCommand cmd = new OleDbCommand(str, con); 
            OleDbDataReader dr = cmd.ExecuteReader(); 
            while (dr.Read()) 
            { 
                if (cb2delete.Items.Contains(dr[0].ToString())) 
                { 
                } 
                else 
                { 
                    cb2delete.Items.Add(dr[0].ToString()); 
                } 
            } 
            dr.Close(); 
            con.Close(); 
        } 
 
        private void bt7delete_Click(object sender, EventArgs e) 
        { 
            string name = cb2delete.Text; 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
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            DialogResult result = MessageBox.Show("Are you sure you want to 
delete this MTM Analysis?", "Confirm MTM Analysis Delete", 
MessageBoxButtons.YesNo); 
 
            if (result == DialogResult.Yes) 
            { 
                //load parts from table Parts 
                string strpart = "SELECT PartNumber FROM " + name + "_Parts"; 
                OleDbCommand cmdpart = new OleDbCommand(strpart, con); 
                OleDbDataReader drpart = cmdpart.ExecuteReader(); 
                while (drpart.Read()) 
                { 
                    int inusep = 0; 
                    string a = drpart[0].ToString(); 
                    //load value in column inuse in tabel parts 
                    string strinusep = "SELECT InUse FROM Parts WHERE 
PartNumber=@Partnumber"; 
                    OleDbCommand cmdinusep = new OleDbCommand(strinusep, con); 
                    cmdinusep.Parameters.Add("@Partnumber", 
OleDbType.Char).Value = a; 
                    OleDbDataReader drinusep = cmdinusep.ExecuteReader(); 
                    while (drinusep.Read()) 
                    { 
                        inusep = Convert.ToInt32(drinusep[0].ToString()); 
                    } 
                    drinusep.Close(); 
                    //set value in column inuse to inusep-1 
                    inusep = inusep - 1; 
                    string strinusep1 = "UPDATE Parts SET InUse=@Inuse WHERE 
PartNumber=@PartNumber"; 
                    OleDbCommand cmdinusep1 = new OleDbCommand(strinusep1, 
con); 
                    cmdinusep1.Parameters.Add("@Inuse", OleDbType.Char).Value 
= inusep; 
                    cmdinusep1.Parameters.Add("@Partnumber", 
OleDbType.Char).Value = a; 
                    try 
                    { 
                        int count1 = cmdinusep1.ExecuteNonQuery(); 
                    } 
                    catch (OleDbException ex) 
                    { 
                        MessageBox.Show(ex.Message); 
                    } 
                    finally 
                    { 
                    } 
                    
                } 
                drpart.Close(); 
 
                //load parts from table Tools 
                string strpartgm = "SELECT ArticleNumber FROM " + name + 
"_Tools"; 
                OleDbCommand cmdpartgm = new OleDbCommand(strpartgm, con); 
                OleDbDataReader drpartgm = cmdpartgm.ExecuteReader(); 
                while (drpartgm.Read()) 
                { 
                    string b = drpartgm[0].ToString(); 
                    int inuse = 0; 
                       
                    //load value in column inuse in tabel tools 
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                    string strinuset = "SELECT InUse FROM Tools WHERE 
Number=@number"; 
                    OleDbCommand cmdinuset = new OleDbCommand(strinuset, con); 
                    cmdinuset.Parameters.Add("@number", OleDbType.Char).Value 
= b; 
                    OleDbDataReader drinuset = cmdinuset.ExecuteReader(); 
                    while (drinuset.Read()) 
                    { 
                        inuse = Convert.ToInt32(drinuset[0].ToString()); 
                    } 
                    drinuset.Close(); 
 
                    //set value in column inuse to inusep-1 
                    inuse = inuse - 1; 
                    string strinuset1 = "UPDATE Tools SET InUse=@Inuse WHERE 
Number=@Number"; 
                    OleDbCommand cmdinuset1 = new OleDbCommand(strinuset1, 
con); 
                    cmdinuset1.Parameters.Add("@Inuse", OleDbType.Char).Value 
= inuse; 
                    cmdinuset1.Parameters.Add("@Number", OleDbType.Char).Value 
= b; 
                    try 
                    { 
                        int count1 = cmdinuset1.ExecuteNonQuery(); 
                    } 
                    catch (OleDbException ex) 
                    { 
                        MessageBox.Show(ex.Message); 
                    } 
                    finally 
                    { 
                    } 
                         
                     
                } 
                drpartgm.Close(); 
 
                //delete name in AnalysisName 
                string str1 = "DELETE FROM AnalysisName WHERE AName=@Aname"; 
                OleDbCommand cmd1 = new OleDbCommand(str1, con); 
                cmd1.Parameters.Add("@AName", OleDbType.Char).Value = name; 
                try 
                { 
                    int count = cmd1.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                } 
 
                //load cb2 new 
                cb2delete.Items.Clear(); 
                cb2delete.Items.Add("...Please Choose..."); 
                cb2delete.SelectedIndex = 0; 
                string str = "SELECT * FROM AnalysisName"; 
                OleDbCommand cmd = new OleDbCommand(str, con); 
                OleDbDataReader dr = cmd.ExecuteReader(); 
                while (dr.Read()) 
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                { 
                    if (cb2delete.Items.Contains(dr[0].ToString())) 
                    { 
                    } 
                    else 
                    { 
                        cb2delete.Items.Add(dr[0].ToString()); 
                    } 
                } 
                dr.Close(); 
 
                //delete table _PM 
                string strpmdelete = "DROP TABLE " + name + "_PM"; 
                OleDbCommand cmdpmdelete = new OleDbCommand(strpmdelete, con); 
                try 
                { 
                    int count = cmdpmdelete.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                } 
 
                //delete table _GM 
                string strgmdelete = "DROP TABLE " + name + "_GM"; 
                OleDbCommand cmdgmdelete = new OleDbCommand(strgmdelete, con); 
                try 
                { 
                    int count = cmdgmdelete.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                } 
 
                //delete table _PER 
                string strperdelete = "DROP TABLE " + name + "_PER"; 
                OleDbCommand cmdperdelete = new OleDbCommand(strperdelete, 
con); 
                try 
                { 
                    int count = cmdperdelete.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                } 
                 
                //delete Table _Parts 
                string strpmpartsdelete = "DROP TABLE " + name + "_Parts"; 
                OleDbCommand cmdpmpartsdelete = new 
OleDbCommand(strpmpartsdelete, con); 
                try 
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                { 
                    int count = cmdpmpartsdelete.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                } 
                 
                //delete Table_Tools 
                string strgmpartsdelete = "DROP TABLE " + name + "_Tools"; 
                OleDbCommand cmdgmpartsdelete = new 
OleDbCommand(strgmpartsdelete, con); 
                try 
                { 
                    int count = cmdgmpartsdelete.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                } 
              
                con.Close(); 
            } 
        } 
 
        private void cb3workstation_SelectedIndexChanged(object sender, 
EventArgs e) 
        { 
            CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
            System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
 
            if (cb3workstation.SelectedIndex != 0) 
            { 
                string name; 
                if (GlobalMTM.newAnalysis == false) 
                { 
                    name = GlobalMTM.Existname; 
                } 
                else 
                { 
                    name = GlobalMTM.Newname; 
                } 
                string workstation = cb3workstation.Text; 
                OleDbConnection con = new 
OleDbConnection(strConnectionString); 
                string str = "UPDATE AnalysisName SET 
Workstation=[@Workstation] WHERE AName=@AName"; 
                OleDbCommand cmd = new OleDbCommand(str, con); 
                cmd.Parameters.Add("@Workstation", OleDbType.Char).Value = 
workstation; 
                cmd.Parameters.Add("@AName", OleDbType.Char).Value = name; 
                con.Open(); 
                try 
                { 
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                    int count = cmd.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                    con.Close(); 
                } 
               
 
                //load paygrade for workstation 
                string paygrade = ""; 
                string workstation1 = cb3workstation.Text; 
                OleDbConnection con1 = new 
OleDbConnection(strConnectionString); 
                con1.Open(); 
                string str1 = "SELECT (PayGrade) FROM Workstation WHERE 
WorkstationName=@WorkstationName"; 
                OleDbCommand cmd1 = new OleDbCommand(str1, con1); 
                cmd1.Parameters.Add("@WorkstationName", OleDbType.Char).Value 
= workstation1; 
                OleDbDataReader dr1 = cmd1.ExecuteReader(); 
                while (dr1.Read()) 
                { 
                    paygrade = dr1[0].ToString(); 
                } 
                dr1.Close(); 
 
                //load wageperour from paygrade 
                string wageph = ""; 
                string str2 = "SELECT (Wageperhour) FROM PayGrades WHERE 
PayGradeName=@PayGradeName"; 
                OleDbCommand cmd2 = new OleDbCommand(str2, con1); 
                cmd2.Parameters.Add("@PayGradeName", OleDbType.Char).Value = 
paygrade; 
                OleDbDataReader dr2 = cmd2.ExecuteReader(); 
                while (dr2.Read()) 
                { 
                    wageph = dr2[0].ToString(); 
                } 
                dr2.Close(); 
 
                // wage per hour in wage per sec 
                double wageps = (Convert.ToDouble(wageph) / 360); 
                GlobalMTM.Wage = wageps; 
 
                if (tb15costgrasp.Text != "") 
                tb15costgrasp.Text = (Convert.ToDouble(tb3gms.Text) * 
wageps).ToString("F3"); 
                if (tb16costposi.Text != "") 
                tb16costposi.Text = (Convert.ToDouble(tb1pms.Text) * 
wageps).ToString("F3"); 
                if (tb14costs.Text != "") 
                tb14costs.Text = (Convert.ToDouble(tb5pers.Text) * 
wageps).ToString("F3"); 
 
                //insert wageperhour in database in table analysisname 
                string strwage = "UPDATE AnalysisName SET 
Wagepersec=[@Wagepersec] WHERE AName=@AName"; 
                OleDbCommand cmdwage = new OleDbCommand(strwage, con1); 
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                cmdwage.Parameters.Add("@Workstation", OleDbType.Char).Value = 
wageps; 
                cmdwage.Parameters.Add("@AName", OleDbType.Char).Value = name; 
                try 
                { 
                    int count = cmdwage.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                } 
                con1.Close(); 
 
            } 
            System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
        } 
 
        private void button1_Click(object sender, EventArgs e) 
        { 
            PartList f1 = new PartList(); 
            f1.ShowDialog(); 
 
            //load tb7 and tb8 
            CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
            System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
            double number = 0; 
            double price = 0.00; 
            string price1; 
            string name = GlobalMTM.Existname; 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
            string strparts = "SELECT Quantity, Price FROM " + name + 
"_Parts"; 
            OleDbCommand cmdparts = new OleDbCommand(strparts, con); 
            OleDbDataReader drparts = cmdparts.ExecuteReader(); 
            while (drparts.Read()) 
            { 
                number = number + Convert.ToDouble(drparts[0].ToString()); 
                price1 = drparts[1].ToString(); 
                price1 = price1.Replace(",", "."); 
                price = price + 
(Convert.ToDouble(price1)*Convert.ToDouble(drparts[0].ToString())); 
            } 
            tb7numpar.Text = number.ToString("F0"); 
            tb8costpar.Text = price.ToString("F2"); 
            drparts.Close(); 
            con.Close(); 
            tb17totalcost.Text = (Convert.ToDouble(tb8costpar.Text.ToString()) 
+ (Convert.ToDouble(tb14costs.Text.ToString()))).ToString("F2"); 
            System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
        } 
 
        private void button2_Click(object sender, EventArgs e) 
        { 
            ToolsList f1 = new ToolsList(); 
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            f1.ShowDialog(); 
 
            //load tb9 and tb10 
            CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
            System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
            double number = 0; 
            double price = 0.00; 
            string price1; 
            string name = GlobalMTM.Existname; 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
            string strparts = "SELECT Quantity, Price FROM " + name + 
"_Tools"; 
            OleDbCommand cmdparts = new OleDbCommand(strparts, con); 
            OleDbDataReader drparts = cmdparts.ExecuteReader(); 
            while (drparts.Read()) 
            { 
                number = number + Convert.ToDouble(drparts[0].ToString()); 
                price1 = drparts[1].ToString(); 
                price1 = price1.Replace(",", "."); 
                price = price + (Convert.ToDouble(price1) * 
Convert.ToDouble(drparts[0].ToString())); 
                //price = price + (Convert.ToDouble(drparts[1].ToString()) * 
Convert.ToDouble(drparts[0].ToString())); 
            } 
            tb9numtool.Text = number.ToString("F0"); 
            tb10costtool.Text = price.ToString("F2"); 
            drparts.Close(); 
            con.Close(); 
            tb17totalcost.Text = (Convert.ToDouble(tb8costpar.Text.ToString()) 
+ (Convert.ToDouble(tb14costs.Text.ToString()))).ToString("F2"); 
            System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
        } 
     
   } 
} 
 
 
 
Postion Motion Calculation 
 
using System; 
using System.Collections.Generic; 
using System.ComponentModel; 
using System.Data; 
using System.Drawing; 
using System.Linq; 
using System.Text; 
using System.Windows.Forms; 
using System.Data.OleDb; 
using System.Globalization; 
 
namespace WindowsFormsApplication1 
{ 
    public partial class PositionMatrix : Form 
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    { 
        public int r; 
        public int c; 
        public string zellenwert; 
        public string strConnectionString; 
        public string name; 
        public int inusep; 
         
 
        public PositionMatrix() 
        { 
            InitializeComponent(); 
            lvwColumnSorter = new ListViewColumnSorter(); 
            this.listView1.ListViewItemSorter = lvwColumnSorter; 
        } 
             
 
        private void PositionMatrix_Load(object sender, EventArgs e) 
        { 
            listView1.Visible = true; 
            dataGridView1.Columns.Add(" ", " "); 
            if (GlobalMTM.newAnalysis == false) 
            { 
                name = GlobalMTM.Existname; 
            } 
            else 
            { 
                name = GlobalMTM.Newname; 
            } 
 
            //load Parts  
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
            int p = 0; 
            string str = "SELECT * FROM " + name + "_Parts"; 
            OleDbCommand cmd = new OleDbCommand(str, con); 
            OleDbDataReader dr = cmd.ExecuteReader(); 
            while (dr.Read()) 
            { 
                ListViewItem lvi = new ListViewItem(dr[0].ToString()); 
                lvi.SubItems.Add(dr[1].ToString()); 
                lvi.SubItems.Add(dr[2].ToString()); 
                lvi.SubItems.Add(dr[3].ToString()); 
                lvi.SubItems.Add(dr[4].ToString()); 
                listView1.Items.Add(lvi); 
                listView1.Items[p].Checked = true; 
                p++; 
            } 
            dr.Close(); 
 
            // load datagridview 
            if (GlobalMTM.newAnalysis == false) 
            { 
                name = GlobalMTM.Existname; 
 
                //count rows in column matrix 
                string strcount = "SELECT COUNT (Matrix) FROM " + name + 
"_PM"; 
                OleDbCommand cmdcount = new OleDbCommand(strcount, con); 
                int count = (int)cmdcount.ExecuteScalar(); 
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                //load parts from table PM 
                string strpart = "SELECT Matrix FROM " + name + "_PM"; 
                OleDbCommand cmdpart = new OleDbCommand(strpart, con); 
                OleDbDataReader drpart = cmdpart.ExecuteReader(); 
                while (drpart.Read()) 
                { 
                        string a = drpart[0].ToString(); 
                        if (a == "leer") 
                        { 
                        } 
                        else 
                        { 
                            if (listView1.FindItemWithText(a) != null) 
                            { 
                            } 
                            else 
                            { 
                                DialogResult result = MessageBox.Show(a + " 
were removed from Part List. Do you want to delete this part from the Position 
Matrix? If Not, press NO and add this part to the Part List.", "Confirm Part 
Delete", MessageBoxButtons.YesNo); 
 
                                if (result == DialogResult.Yes) 
                                { 
                                    dataGridView1.Rows.Add(""); 
                                    dataGridView1.Columns.Add("", ""); 
                                } 
                                else 
                                { 
                                    dataGridView1.Rows.Add(a); 
                                    dataGridView1.Columns.Add(a, a); 
                                    this.Close(); 
                                } 
                            } 
                        } 
                } 
                drpart.Close(); 
                 
                //load cells with values from database 
 
                string strcells = "SELECT * FROM " + name + "_PM WHERE 
Matrix<>'leer'"; 
                OleDbCommand cmdcells = new OleDbCommand(strcells, con); 
                int cell = 1; 
                for (int i = 1; i < count; i++) 
                { 
                    int row = 0; 
                    OleDbDataReader drcells = cmdcells.ExecuteReader(); 
                    while (drcells.Read()) 
                    { 
                        string b = drcells[i].ToString(); 
                        if (b.Contains("disable")) 
                        { 
                            
dataGridView1.Rows[row].Cells[cell].Style.BackColor = Color.LightGray; 
                            b = b.Replace("disable", ""); 
                            dataGridView1.Rows[row].Cells[cell].Value = b; 
                        } 
                        else 
                        { 
                            dataGridView1.Rows[row].Cells[cell].Value = b; 
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                        } 
                        row++; 
                    } 
                    drcells.Close(); 
                    cell++; 
                } 
                foreach (DataGridViewColumn col in dataGridView1.Columns) 
                { 
                    if (col.HeaderText.Equals("")) 
                    { 
                        dataGridView1.Columns.RemoveAt(col.Index); 
                        break; 
                    } 
                } 
                foreach (DataGridViewRow row in dataGridView1.Rows) 
                { 
                    if (row.Cells[0].Value.Equals("")) 
                    { 
                        dataGridView1.Rows.RemoveAt(row.Index); 
                        break; 
                    } 
                }  
            } 
            con.Close(); 
            listView1.Visible = false; 
            GlobalMTM.Existname = name; 
            this.Hide(); 
        } 
 
        private void bt1back_Click(object sender, EventArgs e) 
        { 
            this.Hide(); 
        } 
 
        private void listView1_ItemCheck(object sender, ItemCheckEventArgs e) 
        { 
            if (e.CurrentValue == CheckState.Unchecked) 
            { 
                string g; 
                g = this.listView1.Items[e.Index].Text; 
                dataGridView1.Columns.Add(g, g); 
                dataGridView1.Rows.Add(g); 
                dataGridView1.Columns[0].ReadOnly = true;               
            } 
 
            if (e.CurrentValue == CheckState.Checked) 
            { 
                string g; 
                g = this.listView1.Items[e.Index].Text; 
                foreach (DataGridViewColumn col in dataGridView1.Columns) 
                { 
                    if (col.HeaderText.Equals(g)) 
                    { 
                        dataGridView1.Columns.RemoveAt(col.Index); 
                        break; 
                    } 
                } 
                foreach (DataGridViewRow row in dataGridView1.Rows) 
                { 
                    if (row.Cells[0].Value.Equals(g)) 
                    { 
                        dataGridView1.Rows.RemoveAt(row.Index); 
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                        break; 
                    } 
                }          
            } 
        } 
 
        private void listView1_ColumnClick(object sender, ColumnClickEventArgs 
e) 
        { 
            // Determine if clicked column is already the column that is being 
sorted. 
            if (e.Column == lvwColumnSorter.SortColumn) 
            { 
                // Reverse the current sort direction for this column. 
                if (lvwColumnSorter.Order == SortOrder.Ascending) 
                { 
                    lvwColumnSorter.Order = SortOrder.Descending; 
                } 
                else 
                { 
                    lvwColumnSorter.Order = SortOrder.Ascending; 
                } 
            } 
            else 
            { 
                // Set the column number that is to be sorted; default to 
ascending. 
                lvwColumnSorter.SortColumn = e.Column; 
                lvwColumnSorter.Order = SortOrder.Ascending; 
            } 
 
            // Perform the sort with these new sort options. 
            this.listView1.Sort(); 
 
        } 
 
         
 
        private void dataGridView1_CellMouseUp(object sender, 
DataGridViewCellMouseEventArgs e) 
        { 
            if ((e.Button == 
MouseButtons.Right)&&(e.RowIndex>=0)&&(e.ColumnIndex>0)) 
            {                               
                this.dataGridView1.CurrentCell = 
this.dataGridView1.Rows[e.RowIndex].Cells[e.ColumnIndex]; 
                r = e.RowIndex; 
                c = e.ColumnIndex; 
                GlobalIndex.RowIndex = e.RowIndex; 
                GlobalIndex.ColIndex = e.ColumnIndex; 
                Rectangle rect = 
this.dataGridView1.GetCellDisplayRectangle(e.ColumnIndex, e.RowIndex, true); 
                Point p = e.Location; 
                p.X += rect.X; 
                p.Y += rect.Y; 
                contextMenuStrip1.Show(dataGridView1, p); 
 
            } 
 
        } 
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        private void dataGridView1_ColumnAdded(object sender, 
DataGridViewColumnEventArgs e) 
        { 
            e.Column.SortMode = DataGridViewColumnSortMode.NotSortable; 
        } 
 
        private void toolStripMenuItem1_Click(object sender, EventArgs e) 
        { 
            if ((string)dataGridView1.Rows[r].Cells[c].Value == null) 
                MTMvalue.MTMValue = ""; 
            else 
                MTMvalue.MTMValue = 
dataGridView1.Rows[r].Cells[c].Value.ToString(); 
 
            GlobalMTM.GlobalVar = "von Position Matrix"; 
            Position f1 = new Position(); 
            f1.ShowDialog(); 
                           
            r = GlobalIndex.RowIndex; 
            c = GlobalIndex.ColIndex; 
            zellenwert = MTMvalue.MTMValue; 
            dataGridView1.Rows[r].Cells[c].Value = zellenwert; 
             
        } 
 
        private void toolStripMenuItem3_Click(object sender, EventArgs e) 
        { 
            dataGridView1.CurrentCell.ReadOnly = true; 
            dataGridView1.Rows[r].Cells[c].Style.BackColor = Color.LightGray; 
        } 
 
        private void toolStripMenuItem4_Click(object sender, EventArgs e) 
        { 
            dataGridView1.CurrentCell.ReadOnly = false; 
            dataGridView1.Rows[r].Cells[c].Style.BackColor = Color.White; 
        } 
 
        private void toolStripMenuItem2_Click(object sender, EventArgs e) 
        { 
            DialogResult result = MessageBox.Show("Are you sure you want to 
delete this position motion?", "Confirm Motion Delete", 
MessageBoxButtons.YesNo); 
 
            if (result == DialogResult.Yes) 
            { 
                dataGridView1.Rows[r].Cells[c].Value = ""; 
                dataGridView1.CurrentCell.ReadOnly = false; 
                dataGridView1.Rows[r].Cells[c].Style.BackColor = Color.White; 
            } 
        } 
 
        private void bt2partslist_Click(object sender, EventArgs e) 
        { 
            //create the connection string 
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
 
 
            if (GlobalMTM.newAnalysis == false) 
            { 
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                name = GlobalMTM.Existname; 
            } 
            else 
            { 
                name = GlobalMTM.Newname; 
            } 
 
            //delete table  
            string strdelete = "DROP TABLE " + name + "_PM"; 
            OleDbCommand cmddelete = new OleDbCommand(strdelete, con); 
            try 
            { 
                int count = cmddelete.ExecuteNonQuery(); 
            } 
            catch (OleDbException ex) 
            { 
                MessageBox.Show(ex.Message); 
            } 
            finally 
            { 
            } 
 
            //create new table in database 
            string strtable = "CREATE TABLE "+name+"_PM(Matrix MEMO)"; 
            
            OleDbCommand cmdtable = new OleDbCommand(strtable, con); 
            try 
            { 
                int count = cmdtable.ExecuteNonQuery(); 
            } 
            catch (OleDbException ex) 
            { 
                MessageBox.Show(ex.Message); 
            } 
            finally 
            { 
            } 
 
            //insert empty cell at first 
            int rowscount = dataGridView1.Rows.Count; 
            string strrow1 = "INSERT INTO " + name + "_PM" + "(Matrix)" + 
"Values(@Matrix)"; 
            OleDbCommand cmdrow1 = new OleDbCommand(strrow1, con); 
            cmdrow1.Parameters.Add("@Matrix", OleDbType.Char).Value = "leer"; 
            try 
            { 
                int count = cmdrow1.ExecuteNonQuery(); 
            } 
            catch (OleDbException ex) 
            { 
                MessageBox.Show(ex.Message); 
            } 
            finally 
            { 
            } 
 
            //insert Parts in column Matrix 
            for (int i = 0; i < rowscount; i++) 
            { 
                 
                string cellvalue = 
dataGridView1.Rows[i].Cells[0].Value.ToString(); 
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                cellvalue = cellvalue.Replace(" ", "_"); 
                string strrow = "INSERT INTO "+name+"_PM" + "(Matrix)" + 
"Values(@Matrix)"; 
                OleDbCommand cmdrow = new OleDbCommand(strrow, con); 
                cmdrow.Parameters.Add("@Matrix", OleDbType.Char).Value = 
cellvalue; 
                try 
                { 
                    int count = cmdrow.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                } 
 
            } 
             
            //create new columns in database 
            int columnscount = dataGridView1.Columns.Count; 
            for (int i = 1; i < columnscount; i++) 
            { 
                string cellvalue = dataGridView1.Columns[i].Name.ToString(); 
                cellvalue = cellvalue.Replace(" ", "_"); 
                string strcolumn = "ALTER TABLE "+name+"_PM ADD " + cellvalue 
+ " MEMO"; 
                OleDbCommand cmdcolumn = new OleDbCommand(strcolumn, con); 
                try 
                { 
                    int count = cmdcolumn.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
                finally 
                { 
                } 
            } 
 
            //insert datagridcolumns in database as first row 
            for (int i = 1; i < columnscount; i++) 
            { 
                string cellvalue = dataGridView1.Columns[i].Name.ToString(); 
                cellvalue = cellvalue.Replace(" ", "_"); 
                string strcell1 = "UPDATE " + name + "_PM SET " + cellvalue + 
"=@cellvalue WHERE Matrix=@matrix"; 
                OleDbCommand cmdcell1 = new OleDbCommand(strcell1, con); 
                cmdcell1.Parameters.Add("@cellvalue", OleDbType.Char).Value = 
cellvalue; 
                cmdcell1.Parameters.Add("@matrix", OleDbType.Char).Value = 
"leer"; 
                try 
                { 
                    int count = cmdcell1.ExecuteNonQuery(); 
                } 
                catch (OleDbException ex) 
                { 
                    MessageBox.Show(ex.Message); 
                } 
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                finally 
                { 
                } 
            } 
 
 
            //insert cellvalues with content into database 
            for (int i = 1; i < columnscount; i++) 
            { 
                for (int x=0;x<rowscount;x++) 
                { 
                    if (dataGridView1.Rows[x].Cells[i].Value == null) 
                    { 
                    } 
                    else 
                    { 
                        if (dataGridView1.Rows[x].Cells[i].Style.BackColor == 
Color.LightGray) 
                        { 
                            string cellvalue = 
dataGridView1.Rows[x].Cells[i].Value.ToString(); 
                            cellvalue = cellvalue.Replace(" ", "_"); 
                            cellvalue = cellvalue + "disable"; 
                            string column = 
dataGridView1.Columns[i].Name.ToString(); 
                            column = column.Replace(" ", "_"); 
                            string column1 = 
dataGridView1.Rows[x].Cells[0].Value.ToString(); 
                            column1 = column1.Replace(" ", "_"); 
                            string strcell = "UPDATE "+name+"_PM SET " + 
column + "=@cellvalue WHERE Matrix=@matrix"; 
                            OleDbCommand cmdcell = new OleDbCommand(strcell, 
con); 
                            cmdcell.Parameters.Add("@cellvalue", 
OleDbType.Char).Value = cellvalue; 
                            cmdcell.Parameters.Add("@matrix", 
OleDbType.Char).Value = column1; 
                            try 
                            { 
                                int count = cmdcell.ExecuteNonQuery(); 
                            } 
                            catch (OleDbException ex) 
                            { 
                                MessageBox.Show(ex.Message); 
                            } 
                            finally 
                            { 
                            } 
                        } 
                        else 
                        { 
                            string cellvalue = 
dataGridView1.Rows[x].Cells[i].Value.ToString(); 
                            cellvalue = cellvalue.Replace(" ", "_"); 
                            string column = 
dataGridView1.Columns[i].Name.ToString(); 
                            column = column.Replace(" ", "_"); 
                            string column1 = 
dataGridView1.Rows[x].Cells[0].Value.ToString(); 
                            column1 = column1.Replace(" ", "_"); 
                            string strcell = "UPDATE "+name+"_PM SET 
"+column+"=@cellvalue WHERE Matrix=@matrix";  
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                            OleDbCommand cmdcell = new OleDbCommand(strcell, 
con); 
                            cmdcell.Parameters.Add("@cellvalue", 
OleDbType.Char).Value = cellvalue; 
                            cmdcell.Parameters.Add("@matrix", 
OleDbType.Char).Value = column1; 
                            try 
                            { 
                                int count = cmdcell.ExecuteNonQuery(); 
                            } 
                            catch (OleDbException ex) 
                            { 
                                MessageBox.Show(ex.Message); 
                            } 
                            finally 
                            { 
                            } 
                        } 
                    } 
                } 
            } 
            CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
            System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
            //add all times and save in database 
            double time = 0.00; 
            for (int i = 1; i < columnscount; i++) 
            { 
                for (int x = 0; x < rowscount; x++) 
                { 
                    if (dataGridView1.Rows[x].Cells[i].Value == null) 
                    { 
                    } 
                    else 
                    { 
                       if (dataGridView1.Rows[x].Cells[i].Value.Equals("")) 
                       { 
                       } 
                       else 
                       { 
                           if (dataGridView1.Rows[x].Cells[i].Style.BackColor 
!= Color.LightGray) 
                           { 
                               string motion = 
dataGridView1.Rows[x].Cells[i].Value.ToString(); 
                               string[] motion1 = motion.Split('x'); 
                               time = time + ((Convert.ToDouble(motion1[1])) * 
Convert.ToDouble(motion1[0])); 
                           } 
                       } 
                    } 
                } 
            } 
            string strtimes = "UPDATE AnalysisName SET PM_TMU=@times WHERE 
AName=@AName"; 
            OleDbCommand cmdtimes = new OleDbCommand(strtimes, con); 
            cmdtimes.Parameters.Add("@times", OleDbType.Char).Value = 
time.ToString("F2"); 
            cmdtimes.Parameters.Add("@AName", OleDbType.Char).Value = name; 
            try 
            { 
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                int count = cmdtimes.ExecuteNonQuery(); 
            } 
            catch (OleDbException ex) 
            { 
                MessageBox.Show(ex.Message); 
            } 
            finally 
            { 
            } 
            System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
 
            //update performance matrix 
            for (int i = 1; i < columnscount; i++) 
            { 
                for (int x = 0; x < rowscount; x++) 
                { 
                    //load partname, toolname and cellvalue 
                    string part1 = 
dataGridView1.Rows[x].Cells[0].Value.ToString(); 
                    string part2 = dataGridView1.Columns[i].Name.ToString(); 
                    string part = part1 + ", " + part2; 
                    int number = 0; 
                    int number1 = 0; 
                    string value = ""; 
                    bool disable = false; 
                    if (dataGridView1.Rows[x].Cells[i].Value == null) 
                    { 
                        dataGridView1.Rows[x].Cells[i].Value = ""; 
                    } 
                    if (dataGridView1.Rows[x].Cells[i].Value.Equals("")) 
                    { 
                        number = 0; 
                    } 
                    else 
                    { 
                        string[] value1 = 
dataGridView1.Rows[x].Cells[i].Value.ToString().Split('x'); 
                        value = value1[1]; 
                        number = Convert.ToInt32(value1[0]); 
                    } 
                    if (dataGridView1.Rows[x].Cells[i].Style.BackColor == 
Color.LightGray) 
                        disable = true; 
 
                    bool existing = false; 
 
                    //count position motions 
                    string strper1 = "SELECT TMU FROM " + name + "_PER WHERE 
Motion='Position'AND Parts=@Parts"; 
                    OleDbCommand cmdper1 = new OleDbCommand(strper1, con); 
                    cmdper1.Parameters.Add("@Parts", OleDbType.Char).Value = 
part; 
                    OleDbDataReader drper1 = cmdper1.ExecuteReader(); 
                    while (drper1.Read()) 
                    {        
                        number1++; 
                        existing = true; 
                    } 
                    drper1.Close(); 
 
                    GlobalMTM.Parts = part; 
                    GlobalMTM.Number = number1-number; 
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                    //delete m existing grasp motion 
                    if ((existing == true) & (number < number1)) 
                    { 
                        if (value == "") 
                        { 
                            //delete existing grasp motion if it was deleted 
in grasp matrix 
                            string strperdelete = "DELETE FROM " + name + 
"_PER WHERE Motion='Position'AND Parts=@Parts"; 
                            OleDbCommand cmdperdelete = new 
OleDbCommand(strperdelete, con); 
                            cmdperdelete.Parameters.Add("@Parts", 
OleDbType.Char).Value = part; 
                            try 
                            { 
                                int count = cmdperdelete.ExecuteNonQuery(); 
                            } 
                            catch (OleDbException ex) 
                            { 
                                MessageBox.Show(ex.Message); 
                            } 
                            finally 
                            { 
                            } 
                        } 
                        else 
                        { 
                            DeleteMotion f1 = new DeleteMotion(); 
                            f1.ShowDialog(); 
 
                        } 
                    } 
 
                    number1 = 0; 
                    existing = false; 
 
                    //load column tmu in performancematrix where motion=grasp 
and involved parts=part 
                    string strper = "SELECT TMU FROM " + name + "_PER WHERE 
Motion='Position'AND Parts=@Parts"; 
                    OleDbCommand cmdper = new OleDbCommand(strper, con); 
                    cmdper.Parameters.Add("@Parts", OleDbType.Char).Value = 
part; 
                    OleDbDataReader drper = cmdper.ExecuteReader(); 
                    while (drper.Read()) 
                    { 
                        string tmu = drper[0].ToString(); 
                        //update column tmu in per for existing values 
                        string strperupdate = "UPDATE " + name + "_PER SET 
TMU=@TMU WHERE Motion='Position'AND Parts=@Parts"; 
                        OleDbCommand cmdperupdate = new 
OleDbCommand(strperupdate, con); 
                        if (disable == false) 
                        { 
                            cmdperupdate.Parameters.Add("@TMU", 
OleDbType.Char).Value = value; 
                        } 
                        else 
                        { 
                            cmdperupdate.Parameters.Add("@TMU", 
OleDbType.Char).Value = value + "disable"; 
                        } 
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                        cmdperupdate.Parameters.Add("@Parts", 
OleDbType.Char).Value = part; 
                        try 
                        { 
                            int count = cmdperupdate.ExecuteNonQuery(); 
                        } 
                        catch (OleDbException ex) 
                        { 
                            MessageBox.Show(ex.Message); 
                        } 
                        finally 
                        { 
                        } 
                        existing = true; 
                        number1++; 
                    } 
                    drper.Close(); 
 
                    //add m additional position motion 
                    if ((existing == true) & (number1 < number)) 
                    { 
                        for (int m = number1; m < number; m++) 
                        { 
                            string strperinsertm = "INSERT INTO " + name + 
"_PER" + "([Posi],[Motion],[TMU],[Parts])" + 
"VALUES(@Posi,@Motion,@TMU,@Parts)"; 
                            OleDbCommand cmdperinsertm = new 
OleDbCommand(strperinsertm, con); 
                            cmdperinsertm.Parameters.Add("@Posi", 
OleDbType.Char).Value = number1+1; 
                            cmdperinsertm.Parameters.Add("@Motion", 
OleDbType.Char).Value = "Position"; 
                            if (disable == false) 
                            { 
                                cmdperinsertm.Parameters.Add("@TMU", 
OleDbType.Char).Value = value; 
                            } 
                            else 
                            { 
                                cmdperinsertm.Parameters.Add("@TMU", 
OleDbType.Char).Value = value + "disable"; 
                            } 
                            cmdperinsertm.Parameters.Add("@Parts", 
OleDbType.Char).Value = part; 
                            try 
                            { 
                                int count = cmdperinsertm.ExecuteNonQuery(); 
                            } 
                            catch (OleDbException ex) 
                            { 
                                MessageBox.Show(ex.Message); 
                            } 
                            finally 
                            { 
                            } 
                        } 
                    } 
 
                    //add new position motion to per due to it does not exist 
                    if (existing == false) 
                    { 
                        for (int n = 0; n < number; n++) 
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                        { 
                            string strperinsert = "INSERT INTO " + name + 
"_PER" + "([Posi],[Motion],[TMU],[Parts])" + 
"VALUES(@Posi,@Motion,@TMU,@Parts)"; 
                            OleDbCommand cmdperinsert = new 
OleDbCommand(strperinsert, con); 
                            cmdperinsert.Parameters.Add("@Posi", 
OleDbType.Char).Value = n+1; 
                            cmdperinsert.Parameters.Add("@Motion", 
OleDbType.Char).Value = "Position"; 
                            if (disable == false) 
                            { 
                                cmdperinsert.Parameters.Add("@TMU", 
OleDbType.Char).Value = value; 
                            } 
                            else 
                            { 
                                cmdperinsert.Parameters.Add("@TMU", 
OleDbType.Char).Value = value + "disable"; 
                            } 
                            cmdperinsert.Parameters.Add("@Parts", 
OleDbType.Char).Value = part; 
                            try 
                            { 
                                int count = cmdperinsert.ExecuteNonQuery(); 
                            } 
                            catch (OleDbException ex) 
                            { 
                                MessageBox.Show(ex.Message); 
                            } 
                            finally 
                            { 
                            } 
                        } 
                    } 
                } 
            } 
 
            con.Close(); 
            GlobalMTM.newAnalysis = false; 
            GlobalMTM.Existname = name; 
            MessageBox.Show("Changes are succesfully saved"); 
            this.Hide(); 
        } 
 
    } 
} 
 
 Grasp Motion Calculation 
 
using System; 
using System.Collections.Generic; 
using System.ComponentModel; 
using System.Data; 
using System.Drawing; 
using System.Linq; 
using System.Text; 
using System.Windows.Forms; 
using System.Data.OleDb; 
using System.Globalization; 
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namespace WindowsFormsApplication1 
{ 
    public partial class GraspMatrix : Form 
    { 
        public int r; 
        public int c; 
        public string zellenwert; 
        public string strConnectionString; 
        public string name; 
        public int inusep; 
 
        public GraspMatrix() 
        { 
            InitializeComponent(); 
            lvwColumnSorter = new ListViewColumnSorter(); 
            this.listView1.ListViewItemSorter = lvwColumnSorter; 
            this.listView2.ListViewItemSorter = lvwColumnSorter; 
             
        } 
 
        private void bt1back_Click(object sender, EventArgs e) 
        { 
            this.Hide(); 
        } 
 
        private void GraspMatrix_Load(object sender, EventArgs e) 
        { 
            dataGridView1.Columns.Add(" ", " "); 
            listView2.Visible = true; 
            listView1.Visible = true; 
            if (GlobalMTM.newAnalysis == false) 
            { 
                name = GlobalMTM.Existname; 
            } 
            else 
            { 
                name = GlobalMTM.Newname; 
            } 
 
            //load Parts  
            strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
            OleDbConnection con = new OleDbConnection(strConnectionString); 
            con.Open(); 
            int p = 0; 
            string strparts = "SELECT * FROM " + name + "_Parts"; 
            OleDbCommand cmdparts = new OleDbCommand(strparts, con); 
            OleDbDataReader drparts = cmdparts.ExecuteReader(); 
            while (drparts.Read()) 
            { 
                ListViewItem lvi = new ListViewItem(drparts[0].ToString()); 
                lvi.SubItems.Add(drparts[1].ToString()); 
                lvi.SubItems.Add(drparts[2].ToString()); 
                lvi.SubItems.Add(drparts[3].ToString()); 
                lvi.SubItems.Add(drparts[4].ToString()); 
                listView1.Items.Add(lvi); 
                listView1.Items[p].Checked = true; 
                p++; 
            } 
            drparts.Close(); 
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            //load Tools  
            int t=0; 
            string strtools = "SELECT * FROM " + name + "_Tools"; 
            OleDbCommand cmdtools = new OleDbCommand(strtools, con); 
            OleDbDataReader drtools = cmdtools.ExecuteReader(); 
            while (drtools.Read()) 
            { 
                ListViewItem lvi = new ListViewItem(drtools[0].ToString()); 
                lvi.SubItems.Add(drtools[1].ToString()); 
                lvi.SubItems.Add(drtools[2].ToString()); 
                lvi.SubItems.Add(drtools[3].ToString()); 
                lvi.SubItems.Add(drtools[4].ToString()); 
                listView2.Items.Add(lvi); 
                listView2.Items[t].Checked = true; 
                t++; 
            } 
            drtools.Close(); 
 
             
            //load datagridview 
            if (GlobalMTM.newAnalysis == false) 
            { 
                name = GlobalMTM.Existname; 
 
                //load parts from first row 
                string strpart = "SELECT * FROM " + name + "_GM WHERE 
Matrix='leer'"; 
                OleDbCommand cmdpart = new OleDbCommand(strpart, con); 
                OleDbDataReader drpart = cmdpart.ExecuteReader(); 
                int fCount = drpart.FieldCount; 
 
                while (drpart.Read()) 
                { 
                    for (int i = 1; i < fCount; i++) 
                    { 
                        string a = drpart[i].ToString(); 
                        if (listView1.FindItemWithText(a) != null) 
                        { 
                            //int index = listView1.FindItemWithText(a).Index; 
                            //listView1.Items[index].Checked = true; 
                        } 
                        else 
                        { 
                             
                            //MessageBox.Show(a + " were removed from part 
list. Please add "+a+" at first to part list"); 
                            DialogResult result = MessageBox.Show(a + " were 
removed from Part List. Do you want to delete this part from the Grasp Matrix? 
If Not, press NO and add this part to the Part List.", "Confirm Part Delete", 
MessageBoxButtons.YesNo); 
 
                            if (result == DialogResult.Yes) 
                            { 
                                dataGridView1.Columns.Add("",""); 
                            } 
                            else 
                            { 
                                dataGridView1.Columns.Add(a, a); 
                                this.Close(); 
                            } 
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                        } 
                    } 
                      
                } 
                drpart.Close(); 
 
                //load tools from first column 
                string strtools1 = "SELECT Matrix FROM " + name + "_GM"; 
                OleDbCommand cmdtools1 = new OleDbCommand(strtools1, con); 
                OleDbDataReader drtools1 = cmdtools1.ExecuteReader(); 
                while (drtools1.Read()) 
                { 
                        string a = drtools1[0].ToString(); 
                        if (a == "leer") 
                        { 
                        } 
                        else 
                        { 
                            if (listView2.FindItemWithText(a) != null) 
                            { 
                                //int index = 
listView2.FindItemWithText(a).Index; 
                                //listView2.Items[index].Checked = true; 
                            } 
                            else 
                            { 
                                DialogResult result = MessageBox.Show(a + " 
were removed from Tool List. Do you want to delete this tool from the Grasp 
Matrix? If Not, press NO and please add this part to the Tool List.", "Confirm 
Tool Delete", MessageBoxButtons.YesNo); 
 
                                if (result == DialogResult.Yes) 
                                { 
                                    dataGridView1.Rows.Add(""); 
                                } 
                                else 
                                { 
                                    dataGridView1.Rows.Add(a); 
                                    this.Close(); 
                                } 
                            } 
                        }                     
                } 
                drtools1.Close(); 
 
                //load cells with values from database 
                string strcells = "SELECT * FROM " + name + "_GM WHERE 
Matrix<>'leer'"; 
                OleDbCommand cmdcells = new OleDbCommand(strcells, con); 
 
                for (int cell = 1; cell < fCount; cell++) 
                { 
                    int row = 0; 
                    OleDbDataReader drcells = cmdcells.ExecuteReader(); 
                    while (drcells.Read()) 
                    { 
                        string b = drcells[cell].ToString(); 
                        if (b.Contains("disable")) 
                        { 
                            
dataGridView1.Rows[row].Cells[cell].Style.BackColor = Color.LightGray; 
                            b = b.Replace("disable", ""); 
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                            dataGridView1.Rows[row].Cells[cell].Value = b; 
                        } 
                        else 
                        { 
                            dataGridView1.Rows[row].Cells[cell].Value = b; 
                        } 
                        row++; 
                    } 
                    drcells.Close(); 
 
                } 
                foreach (DataGridViewColumn col in dataGridView1.Columns) 
                { 
                    if (col.HeaderText.Equals("")) 
                    { 
                        dataGridView1.Columns.RemoveAt(col.Index); 
                        break; 
                    } 
                } 
                foreach (DataGridViewRow row in dataGridView1.Rows) 
                { 
                    if (row.Cells[0].Value.Equals("")) 
                    { 
                        dataGridView1.Rows.RemoveAt(row.Index); 
                        break; 
                    } 
                }  
            } 
 
            con.Close(); 
            GlobalMTM.Existname = name; 
            listView2.Visible = false; 
            listView1.Visible = false; 
            this.Hide(); 
        } 
 
 
 
        private void listView1_ItemCheck(object sender, ItemCheckEventArgs e) 
        { 
            if (e.CurrentValue == CheckState.Unchecked) 
            { 
                string g; 
                g = this.listView1.Items[e.Index].Text; 
                dataGridView1.Columns.Add(g, g); 
            } 
 
            if (e.CurrentValue == CheckState.Checked) 
            { 
                string g; 
                g = this.listView1.Items[e.Index].Text; 
                foreach (DataGridViewColumn col in dataGridView1.Columns) 
                { 
                    if (col.HeaderText.Equals(g)) 
                    { 
                        dataGridView1.Columns.RemoveAt(col.Index); 
                        break; 
                    } 
                } 
            } 
 
        } 
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        private void listView1_ColumnClick(object sender, ColumnClickEventArgs 
e) 
        { 
            // Determine if clicked column is already the column that is being 
sorted. 
            if (e.Column == lvwColumnSorter.SortColumn) 
            { 
                // Reverse the current sort direction for this column. 
                if (lvwColumnSorter.Order == SortOrder.Ascending) 
                { 
                    lvwColumnSorter.Order = SortOrder.Descending; 
                } 
                else 
                { 
                    lvwColumnSorter.Order = SortOrder.Ascending; 
                } 
            } 
            else 
            { 
                // Set the column number that is to be sorted; default to 
ascending. 
                lvwColumnSorter.SortColumn = e.Column; 
                lvwColumnSorter.Order = SortOrder.Ascending; 
            } 
 
            // Perform the sort with these new sort options. 
            this.listView1.Sort(); 
 
        } 
 
 
 
        private void dataGridView1_CellMouseUp(object sender, 
DataGridViewCellMouseEventArgs e) 
        { 
            if ((e.Button == MouseButtons.Right) && (e.RowIndex >= 0) && 
(e.ColumnIndex > 0)) 
            { 
                    this.dataGridView1.CurrentCell = 
this.dataGridView1.Rows[e.RowIndex].Cells[e.ColumnIndex]; 
                    r = e.RowIndex; 
                    c = e.ColumnIndex; 
                    GlobalIndex.RowIndex = e.RowIndex; 
                    GlobalIndex.ColIndex = e.ColumnIndex; 
                    Rectangle rect = 
this.dataGridView1.GetCellDisplayRectangle(e.ColumnIndex, e.RowIndex, true); 
                    Point p = e.Location; 
                    p.X += rect.X; 
                    p.Y += rect.Y; 
                    contextMenuStrip1.Show(dataGridView1, p); 
            } 
             
             
        } 
 
        private void listView2_ColumnClick(object sender, ColumnClickEventArgs 
e) 
        { 
            // Determine if clicked column is already the column that is being 
sorted. 
            if (e.Column == lvwColumnSorter.SortColumn) 
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            { 
                // Reverse the current sort direction for this column. 
                if (lvwColumnSorter.Order == SortOrder.Ascending) 
                { 
                    lvwColumnSorter.Order = SortOrder.Descending; 
                } 
                else 
                { 
                    lvwColumnSorter.Order = SortOrder.Ascending; 
                } 
            } 
            else 
            { 
                // Set the column number that is to be sorted; default to 
ascending. 
                lvwColumnSorter.SortColumn = e.Column; 
                lvwColumnSorter.Order = SortOrder.Ascending; 
            } 
 
            // Perform the sort with these new sort options. 
            this.listView2.Sort(); 
        } 
 
        private void listView2_ItemCheck(object sender, ItemCheckEventArgs e) 
        { 
            if (e.CurrentValue == CheckState.Unchecked) 
            { 
                string g; 
                g = this.listView2.Items[e.Index].Text; 
                dataGridView1.Rows.Add(g); 
                dataGridView1.Columns[0].ReadOnly = true; 
            } 
 
            if (e.CurrentValue == CheckState.Checked) 
            { 
                string g; 
                g = this.listView2.Items[e.Index].Text; 
 
                foreach (DataGridViewRow row in dataGridView1.Rows) 
                { 
                    if (row.Cells[0].Value.Equals(g)) 
                    { 
                        dataGridView1.Rows.RemoveAt(row.Index); 
                        break; 
                    } 
                } 
            } 
        } 
 
        private void dataGridView1_ColumnAdded(object sender, 
DataGridViewColumnEventArgs e) 
        { 
            e.Column.SortMode = DataGridViewColumnSortMode.NotSortable; 
        } 
 
       private void toolStripMenuItem1_Click(object sender, EventArgs e) 
       { 
           if ((string)dataGridView1.Rows[r].Cells[c].Value == null) 
               MTMvalue.MTMValue = ""; 
           else 
               MTMvalue.MTMValue = 
dataGridView1.Rows[r].Cells[c].Value.ToString(); 
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           GlobalMTM.GlobalVar = "von Grasp Matrix"; 
           Grasp f1 = new Grasp(); 
           f1.ShowDialog();   //anstatt von Show, erlaubt das nach schliessen 
des Dialogs es hier weitergeht  
 
           r = GlobalIndex.RowIndex; 
           c = GlobalIndex.ColIndex; 
           zellenwert = MTMvalue.MTMValue; 
           dataGridView1.Rows[r].Cells[c].Value = zellenwert; 
       } 
 
       private void toolStripMenuItem3_Click(object sender, EventArgs e) 
       { 
           dataGridView1.CurrentCell.ReadOnly = true; 
           dataGridView1.Rows[r].Cells[c].Style.BackColor = Color.LightGray; 
       } 
 
       private void toolStripMenuItem4_Click(object sender, EventArgs e) 
       { 
           dataGridView1.CurrentCell.ReadOnly = false; 
           dataGridView1.Rows[r].Cells[c].Style.BackColor = Color.White; 
       } 
 
       private void toolStripMenuItem2_Click(object sender, EventArgs e) 
       { 
           DialogResult result = MessageBox.Show("Are you sure you want to 
delete this grasp motion?", "Confirm Motion Delete", MessageBoxButtons.YesNo); 
 
           if (result == DialogResult.Yes) 
           { 
               dataGridView1.Rows[r].Cells[c].Value = ""; 
               dataGridView1.CurrentCell.ReadOnly = false; 
               dataGridView1.Rows[r].Cells[c].Style.BackColor = Color.White; 
           } 
       } 
 
       private void bt2save_Click(object sender, EventArgs e) 
       { 
           //create the connection string 
           strConnectionString = "Provider=Microsoft.ACE.OLEDB.12.0;Data 
Source=" + Application.StartupPath + "\\ILIM_Database.accdb"; 
           OleDbConnection con = new OleDbConnection(strConnectionString); 
           con.Open(); 
 
           if (GlobalMTM.newAnalysis == false) 
           { 
               name = GlobalMTM.Existname; 
           } 
           else 
           { 
               name = GlobalMTM.Newname; 
           } 
 
           //delete table  
           string strdelete = "DROP TABLE " + name + "_GM"; 
           OleDbCommand cmddelete = new OleDbCommand(strdelete, con); 
           try 
           { 
               int count = cmddelete.ExecuteNonQuery(); 
           } 
           catch (OleDbException ex) 
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           { 
               MessageBox.Show(ex.Message); 
           } 
           finally 
           { 
           } 
 
           //create new table in database 
           string strtable = "CREATE TABLE " + name + "_GM(Matrix MEMO)"; 
 
           OleDbCommand cmdtable = new OleDbCommand(strtable, con); 
           try 
           { 
               int count = cmdtable.ExecuteNonQuery(); 
           } 
           catch (OleDbException ex) 
           { 
               MessageBox.Show(ex.Message); 
           } 
           finally 
           { 
           } 
 
           //insert empty cell at first 
           int rowscount = dataGridView1.Rows.Count; 
           string strrow1 = "INSERT INTO " + name + "_GM" + "(Matrix)" + 
"Values(@Matrix)"; 
           OleDbCommand cmdrow1 = new OleDbCommand(strrow1, con); 
           cmdrow1.Parameters.Add("@Matrix", OleDbType.Char).Value = "leer"; 
           try 
           { 
               int count = cmdrow1.ExecuteNonQuery(); 
           } 
           catch (OleDbException ex) 
           { 
               MessageBox.Show(ex.Message); 
           } 
           finally 
           { 
           } 
 
           //insert Tools in column Matrix 
           for (int i = 0; i < rowscount; i++) 
           { 
               string cellvalue = 
dataGridView1.Rows[i].Cells[0].Value.ToString(); 
               cellvalue = cellvalue.Replace(" ", "_"); 
               string strrow = "INSERT INTO " + name + "_GM" + "(Matrix)" + 
"Values(@Matrix)"; 
               OleDbCommand cmdrow = new OleDbCommand(strrow, con); 
               cmdrow.Parameters.Add("@Matrix", OleDbType.Char).Value = 
cellvalue; 
               try 
               { 
                   int count = cmdrow.ExecuteNonQuery(); 
               } 
               catch (OleDbException ex) 
               { 
                   MessageBox.Show(ex.Message); 
               } 
               finally 
               { 
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               } 
           } 
 
           //create new columns in database 
           int columnscount = dataGridView1.Columns.Count; 
           for (int i = 1; i < columnscount; i++) 
           { 
               string cellvalue = dataGridView1.Columns[i].Name.ToString(); 
               cellvalue = cellvalue.Replace(" ", "_"); 
               string strcolumn = "ALTER TABLE " + name + "_GM ADD " + 
cellvalue + " MEMO"; 
               OleDbCommand cmdcolumn = new OleDbCommand(strcolumn, con); 
               try 
               { 
                   int count = cmdcolumn.ExecuteNonQuery(); 
               } 
               catch (OleDbException ex) 
               { 
                   MessageBox.Show(ex.Message); 
               } 
               finally 
               { 
               } 
           } 
 
           //insert datagridcolumns in database as first row 
           for (int i = 1; i < columnscount; i++) 
           { 
               string cellvalue = dataGridView1.Columns[i].Name.ToString(); 
               cellvalue = cellvalue.Replace(" ", "_"); 
               string strcell1 = "UPDATE " + name + "_GM SET " + cellvalue + 
"=@cellvalue WHERE Matrix=@matrix"; 
               OleDbCommand cmdcell1 = new OleDbCommand(strcell1, con); 
               cmdcell1.Parameters.Add("@cellvalue", OleDbType.Char).Value = 
cellvalue; 
               cmdcell1.Parameters.Add("@matrix", OleDbType.Char).Value = 
"leer"; 
               try 
               { 
                   int count = cmdcell1.ExecuteNonQuery(); 
               } 
               catch (OleDbException ex) 
               { 
                   MessageBox.Show(ex.Message); 
               } 
               finally 
               { 
               } 
           } 
 
           //insert cellvalues with content into database 
           for (int i = 1; i < columnscount; i++) 
           { 
               for (int x = 0; x < rowscount; x++) 
               { 
                   if (dataGridView1.Rows[x].Cells[i].Value == null) 
                   { 
                   } 
                   else 
                   { 
                       if (dataGridView1.Rows[x].Cells[i].Style.BackColor == 
Color.LightGray) 
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                       { 
                           string cellvalue = 
dataGridView1.Rows[x].Cells[i].Value.ToString(); 
                           cellvalue = cellvalue.Replace(" ", "_"); 
                           cellvalue = cellvalue + "disable"; 
                           string column = 
dataGridView1.Columns[i].Name.ToString(); 
                           column = column.Replace(" ", "_"); 
                           string column1 = 
dataGridView1.Rows[x].Cells[0].Value.ToString(); 
                           column1 = column1.Replace(" ", "_"); 
                           string strcell = "UPDATE " + name + "_GM SET " + 
column + "=@cellvalue WHERE Matrix=@matrix"; 
                           OleDbCommand cmdcell = new OleDbCommand(strcell, 
con); 
                           cmdcell.Parameters.Add("@cellvalue", 
OleDbType.Char).Value = cellvalue; 
                           cmdcell.Parameters.Add("@matrix", 
OleDbType.Char).Value = column1; 
                           try 
                           { 
                               int count = cmdcell.ExecuteNonQuery(); 
                           } 
                           catch (OleDbException ex) 
                           { 
                               MessageBox.Show(ex.Message); 
                           } 
                           finally 
                           { 
                           } 
                       } 
                       else 
                       { 
                           string cellvalue = 
dataGridView1.Rows[x].Cells[i].Value.ToString(); 
                           cellvalue = cellvalue.Replace(" ", "_"); 
                           string column = 
dataGridView1.Columns[i].Name.ToString(); 
                           column = column.Replace(" ", "_"); 
                           string column1 = 
dataGridView1.Rows[x].Cells[0].Value.ToString(); 
                           column1 = column1.Replace(" ", "_"); 
                           string strcell = "UPDATE " + name + "_GM SET " + 
column + "=@cellvalue WHERE Matrix=@matrix"; 
                           OleDbCommand cmdcell = new OleDbCommand(strcell, 
con); 
                           cmdcell.Parameters.Add("@cellvalue", 
OleDbType.Char).Value = cellvalue; 
                           cmdcell.Parameters.Add("@matrix", 
OleDbType.Char).Value = column1; 
                           try 
                           { 
                               int count = cmdcell.ExecuteNonQuery(); 
                           } 
                           catch (OleDbException ex) 
                           { 
                               MessageBox.Show(ex.Message); 
                           } 
                           finally 
                           { 
                           } 
                       } 
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                   } 
               } 
           } 
 
           CultureInfo oldCI = 
System.Threading.Thread.CurrentThread.CurrentCulture; 
           System.Threading.Thread.CurrentThread.CurrentCulture = new 
System.Globalization.CultureInfo("en-US"); 
 
           //add all times and save in database 
           double time = 0.00; 
           for (int i = 1; i < columnscount; i++) 
           { 
               for (int x = 0; x < rowscount; x++) 
               { 
                   if (dataGridView1.Rows[x].Cells[i].Value == null) 
                   { 
                   } 
                   else 
                   { 
                       if (dataGridView1.Rows[x].Cells[i].Value.Equals("")) 
                       { 
                       } 
                       else 
                       { 
                           if (dataGridView1.Rows[x].Cells[i].Style.BackColor 
!= Color.LightGray) 
                           { 
                               string motion = 
dataGridView1.Rows[x].Cells[i].Value.ToString(); 
                               string[] motion1 = motion.Split('x'); 
                               time = time + 
((Convert.ToDouble(motion1[1]))*Convert.ToDouble(motion1[0])); 
                           } 
                       } 
                   } 
               } 
           } 
           string strtimes = "UPDATE AnalysisName SET GM_TMU=@times WHERE 
AName=@AName"; 
           OleDbCommand cmdtimes = new OleDbCommand(strtimes, con); 
           cmdtimes.Parameters.Add("@times", OleDbType.Char).Value = 
time.ToString("F2"); 
           cmdtimes.Parameters.Add("@AName", OleDbType.Char).Value = name; 
           try 
           { 
               int count = cmdtimes.ExecuteNonQuery(); 
           } 
           catch (OleDbException ex) 
           { 
               MessageBox.Show(ex.Message); 
           } 
           finally 
           { 
           } 
 
           System.Threading.Thread.CurrentThread.CurrentCulture = oldCI; 
 
           //update performance matrix 
           for (int i = 1; i < columnscount; i++) 
           { 
               for (int x = 0; x < rowscount; x++) 
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               { 
                   //load partname, toolname and cellvalue 
                   string tool = 
dataGridView1.Rows[x].Cells[0].Value.ToString()+", "; 
                   string part = dataGridView1.Columns[i].Name.ToString() + ", 
"; 
                   int number = 0; 
                   int number1 = 0; 
                   string value = ""; 
                   bool disable = false; 
                   if (dataGridView1.Rows[x].Cells[i].Value == null) 
                   { 
                       dataGridView1.Rows[x].Cells[i].Value = ""; 
                   } 
                   if (dataGridView1.Rows[x].Cells[i].Value.Equals("")) 
                   { 
                       number = 0; 
                   } 
                   else 
                   { 
                       string[] value1 = 
dataGridView1.Rows[x].Cells[i].Value.ToString().Split('x'); 
                       value = value1[1]; 
                       number = Convert.ToInt32(value1[0]); 
                   } 
                   if (dataGridView1.Rows[x].Cells[i].Style.BackColor == 
Color.LightGray) 
                       disable = true; 
 
                   bool existing = false; 
 
                   //count position motions 
                   string strper1 = "SELECT TMU FROM " + name + "_PER WHERE 
Motion='Grasp' AND Parts=@Parts AND Tools=@Tools"; 
                   OleDbCommand cmdper1 = new OleDbCommand(strper1, con); 
                   cmdper1.Parameters.Add("@Parts", OleDbType.Char).Value = 
part; 
                   cmdper1.Parameters.Add("@Tools", OleDbType.Char).Value = 
tool; 
                   OleDbDataReader drper1 = cmdper1.ExecuteReader(); 
                   while (drper1.Read()) 
                   { 
                       number1++; 
                       existing = true; 
                   } 
                   drper1.Close(); 
 
                   GlobalMTM.Parts = part; 
                   GlobalMTM.Tools = tool; 
                   GlobalMTM.Number = number1 - number; 
 
                   //delete m existing grasp motion 
                   if ((existing == true) & (number < number1)) 
                   { 
                       if (value == "") 
                       { 
                           //delete existing grasp motion if it was deleted in 
grasp matrix 
                           string strperdelete = "DELETE FROM " + name + "_PER 
WHERE Motion='Grasp'AND Parts=@Parts AND Tools=@Tools"; 
                           OleDbCommand cmdperdelete = new 
OleDbCommand(strperdelete, con); 
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                           cmdperdelete.Parameters.Add("@Parts", 
OleDbType.Char).Value = part; 
                           cmdperdelete.Parameters.Add("@Tools", 
OleDbType.Char).Value = tool; 
                           try 
                           { 
                               int count = cmdperdelete.ExecuteNonQuery(); 
                           } 
                           catch (OleDbException ex) 
                           { 
                               MessageBox.Show(ex.Message); 
                           } 
                           finally 
                           { 
                           } 
                       } 
                       else 
                       { 
                           DeleteMotionGM f1 = new DeleteMotionGM(); 
                           f1.ShowDialog(); 
 
                       } 
                   } 
 
                   number1 = 0; 
                   existing = false; 
 
                   //load column tmu in performancematrix where motion=grasp 
and involved parts=part and involved tools=tool 
                   string strper = "SELECT TMU FROM " + name + "_PER WHERE 
Motion='Grasp'AND Parts=@Parts AND Tools=@Tools"; 
                   OleDbCommand cmdper = new OleDbCommand(strper, con); 
                   cmdper.Parameters.Add("@Parts", OleDbType.Char).Value = 
part; 
                   cmdper.Parameters.Add("@Tools", OleDbType.Char).Value = 
tool; 
                   OleDbDataReader drper = cmdper.ExecuteReader(); 
                   while (drper.Read()) 
                   { 
                           string tmu = drper[0].ToString(); 
                           //update column tmu in per for existing values 
                           string strperupdate = "UPDATE " + name + "_PER SET 
TMU=@TMU WHERE Motion='Grasp'AND Parts=@Parts AND Tools=@Tools"; 
                           OleDbCommand cmdperupdate = new 
OleDbCommand(strperupdate, con); 
                           if (disable == false) 
                           { 
                               cmdperupdate.Parameters.Add("@TMU", 
OleDbType.Char).Value = value; 
                           } 
                           else 
                           { 
                               cmdperupdate.Parameters.Add("@TMU", 
OleDbType.Char).Value = value+"disable"; 
                           } 
                           cmdperupdate.Parameters.Add("@Parts", 
OleDbType.Char).Value = part; 
                           cmdperupdate.Parameters.Add("@Tools", 
OleDbType.Char).Value = tool; 
                           try 
                           { 
                               int count = cmdperupdate.ExecuteNonQuery(); 
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                           } 
                           catch (OleDbException ex) 
                           { 
                               MessageBox.Show(ex.Message); 
                           } 
                           finally 
                           { 
                           } 
                           existing = true; 
                           number1++; 
                   } 
                   drper.Close(); 
 
                   //add m additional grasp motion 
                   if ((existing == true) & (number1 < number)) 
                   { 
                       for (int m = number1; m < number; m++) 
                       { 
                               string strperinsertm = "INSERT INTO " + name + 
"_PER" + "([Posi],[Motion],[TMU],[Parts],[Tools])" + 
"VALUES(@Posi,@Motion,@TMU,@Parts,@Tools)"; 
                               OleDbCommand cmdperinsertm = new 
OleDbCommand(strperinsertm, con); 
                               cmdperinsertm.Parameters.Add("@Posi", 
OleDbType.Char).Value = number1 + 1; 
                               cmdperinsertm.Parameters.Add("@Motion", 
OleDbType.Char).Value = "Grasp"; 
                               if (disable == false) 
                               { 
                                   cmdperinsertm.Parameters.Add("@TMU", 
OleDbType.Char).Value = value; 
                               } 
                               else 
                               { 
                                   cmdperinsertm.Parameters.Add("@TMU", 
OleDbType.Char).Value = value+"disable"; 
                               } 
                               cmdperinsertm.Parameters.Add("@Parts", 
OleDbType.Char).Value = part; 
                               cmdperinsertm.Parameters.Add("@Tools", 
OleDbType.Char).Value = tool; 
                               try 
                               { 
                                   int count = 
cmdperinsertm.ExecuteNonQuery(); 
                               } 
                               catch (OleDbException ex) 
                               { 
                                   MessageBox.Show(ex.Message); 
                               } 
                               finally 
                               { 
                               } 
                       } 
                   } 
 
                   //add new grasp motion to per due to it does not exist 
                   if (existing == false) 
                   { 
                       for (int n = 0; n < number; n++) 
                       { 
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                               string strperinsert = "INSERT INTO " + name + 
"_PER" + "([Posi],[Motion],[TMU],[Parts],[Tools])" + 
"VALUES(@Posi,@Motion,@TMU,@Parts,@Tools)"; 
                               OleDbCommand cmdperinsert = new 
OleDbCommand(strperinsert, con); 
                               cmdperinsert.Parameters.Add("@Posi", 
OleDbType.Char).Value = n + 1; 
                               cmdperinsert.Parameters.Add("@Motion", 
OleDbType.Char).Value = "Grasp"; 
                               if (disable == false) 
                               { 
                                   cmdperinsert.Parameters.Add("@TMU", 
OleDbType.Char).Value = value; 
                               } 
                               else 
                               { 
                                   cmdperinsert.Parameters.Add("@TMU", 
OleDbType.Char).Value = value+"disable"; 
                               } 
                               cmdperinsert.Parameters.Add("@Parts", 
OleDbType.Char).Value = part; 
                               cmdperinsert.Parameters.Add("@Tools", 
OleDbType.Char).Value = tool; 
                               try 
                               { 
                                   int count = cmdperinsert.ExecuteNonQuery(); 
                               } 
                               catch (OleDbException ex) 
                               { 
                                   MessageBox.Show(ex.Message); 
                               } 
                               finally 
                               { 
                               } 
                       } 
                   } 
               } 
           } 
           con.Close(); 
           GlobalMTM.newAnalysis = false; 
           GlobalMTM.Existname = name; 
           MessageBox.Show("Changes are succesfully saved"); 
           this.Hide(); 
       }     
         
    } 
} 
 
 
